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EXECUTIVE SUMMARY 
 
Most rural communities of African countries including South Africa, still lack water and 
sanitation provisions putting these communities at high risk for cholera and other waterborne 
diseases.  Cholera is a disease of the small intestine which causes severe diarrhoea which may be 
fatal if not diagnosed or treated early. Vibrio cholerae O1 and O139 that are able to secrete 
cholera toxin are the causative agents of the disease cholera. Vibrio cholerae is now known to be 
persistent in the environment due to its ability to associate with abiotic (e.g. sediments) and biotic 
(e.g. phytoplankton and zooplankton) surfaces of environmental waters.  It is therefore important 
to determine the presence of total and toxigenic V. cholerae in the river water sources of the rural 
KwaZulu-Natal. If V. cholerae is present it is also important to determine how it is distributed in 
the selected environmental waters.  
 
The current study aim was to investigate V. cholerae association with zooplankton, 
phytoplankton, cow dung, amoeba, sediments and water in and around Msunduzi River in the 
KwaZulu-Natal province of South Africa. 
 
Specific objective of this study were; 
a) To assess the performance of six commercially available DNA extraction methods, rapid 
boiling method and an in-house DNA extraction method.  
b) Develop and optimise detection methods for total and toxigenic V. cholerae bacteria. 
c) Use faecal indicator organism to determine the microbial water quality of Msunduzi River 
in KwaZulu-Natal province of South Africa. 
d) Study the association of V. cholerae with zooplankton, phytoplankton, amoeba, cow 
dung, sediments and water from Msunduzi River. 
 
Vibrio cholerae attached to phytoplankton, zooplankton, invertebrates, amoeba, sediments, cow 
dung and free floating in river water was analysed. Samples were taken once a month from ten 
sampling sites along Msunduzi River. A total of 556 samples consisting of zooplankton (n = 
100), phytoplankton (n = 100), amoeba (n = 50), invertebrates (n = 28), cow dung (n = 18), 
sediments (n = 120) and water (n = 140) were collected over 14 month of sampling. Faecal 
pollution indicator bacteria (total coliform and Escherichia coli) were determined from the river 
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water. Physicochemical properties of the water (temperature, conductivity, pH, salinity and 
turbidity) were measured for all ten sampling sites.  
 
All samples (phytoplankton, zooplankton, invertebrates, amoeba, sediments, cow dung and river 
water) were analysed by enriching in alkaline peptone water followed by probe-based real-time 
PCR detection of total and toxigenic V. cholerae. Two triplex real-time PCR assays were 
optimised for the detection of toxigenic and non-toxigenic V. cholerae (both O1 and O139 
serotypes). The first triplex real-time PCR assay targeted the ctxA (cholera toxin), hlyA 
(hemolysin, V. cholerae species specific) and gfp (green fluorescent protein) gene. The second 
triplex real-time PCR assay targeted the O1-rfb (V. cholerae O1), O139-rfb (V. cholerae O139) 
and gfp (green fluorescent protein) gene. The gfp gene was included in both multiplex assays as a 
positive process internal control. 
 
The study used conventional PCR and real-time PCR technology, together with cost and time 
considerations, to evaluate bacterial DNA extraction methods. Except for Genomic DNA 
purification, the results illustrate that all DNA extraction methods were successful in extracting 
sufficient quantities and quality DNA to run a successful conventional and real-time PCR. 
Because of the cost and the effectiveness of the rapid boiling method as well as the in-house 
DNA extraction method, Msunduzi River water samples were analysed using rapid boiling 
method and the in-house DNA extraction method. Rapid boiling method was used for all 
samples. In-house DNA extraction method was used when PCR inhibitors are present in the 
samples.   
 
Toxigenic V. cholerae O1 and O139 were not detected in all 556 samples collected and analysed. 
Non-toxigenic V. cholerae non-O1/O139 was isolated from 311 (56%) of 556 samples collected 
at all sites for all sample types except for amoeba and cow dung. V. cholerae non-O1/O139 was 
detected all year round. Vibrio cholerae attached to surfaces (sediments and plankton) may serve 
as a reservoir for the free-floating bacteria. Temperature, pH, salinity, turbidity, conductivity, 
total coliform and E. coli counts were statistically significant (Pr < 0.05) predictors of the 
occurrence of V. cholerae non-O1/O139 in samples. Turbidity was found to be more dominant 
than other environmental factors for predicting the occurrence of V. cholerae non-O1/O139. 
Microbial water quality data presented in this study for Msunduzi River show that the river water 
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is contaminated with faecal pollution indicated by the presence of total coliform and E. coli. 
Detection of total coliform, E. coli and non-toxigenic V. cholerae non-O1/O139 from Msunduzi 
river indicate a health risk to the people that may come into contact with the water.  
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CHAPTER 1  
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 INTRODUCTION 
A report by statistics South African stated that in the year 2015; “nationally, 92, 5% of South 
African households had access to improved drinking water sources”. The household with 
improved drinking water sources will probably have minimum to no risk of waterborne diseases. 
The same report also specified that 4, 4% of households still had to rely on water from 
unimproved water sources [rivers, streams, stagnant water pools, dams, wells and springs.] 
(General Household Survey Series Report Volume VIII, 2016). Communities using untreated 
water are at risk of waterborne diseases.  
 
Cholera is a disease of the small intestine that causes severe diarrhoea, which may be fatal if not 
diagnosed or treated early (Ntema and Barnard 2013). Cholera is regularly found in developing 
countries that are “associated with poverty and poor sanitation” (Igbinosa and Okoh, 2008). 
Bacteria that cause cholera are  toxigenic V. cholerae O1 and/or O139.  
 
The natural reservoir of V. cholerae has long been assumed humans, but it appears that there is no 
chronic state of the disease (Halpern et al. 2004). Evidence to date suggests that the natural 
reservoir is in the aquatic environment (Huq et al. 1983; Colwell and Huq, 1999). In this regard, 
understanding the cholera reservoirs is a critical component of cholera ecology. Several 
physicochemical conditions affect V. cholerae populations in the natural environment, such as 
water temperature, salinity, oxygen tension, sunlight, rainfall, pH, and the availability of trace 
elements and chemical nutrients (Colwell et al. 1994; de Magny and Colwell, 2009). Although 
there are strong correlations between the changes in the physicochemical conditions in the 
environment of V. cholerae, the mechanisms by which some of them affect the population 
dynamics of V. cholerae remain unknown. Vibrio cholerae has been found associated with 
several riverine dwellers such as algae, fish, amebae, and crustaceans, most critically copepods 
(Almagro-Moreno and Taylor, 2013). 
 
The presence and absence of toxigenic V. cholerae is an important factor in the epidemiology of 
cholera; significantly so in South African communities where people use unimproved water 
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sources for domestic, recreational, traditional and religious purposes. Active and efficient 
environmental surveillance may facilitate the control of cholera outbreaks by providing a greater 
understanding of the distribution of toxigenic V cholerae strains in aquatic ecosystems. 
Surveillance would require effective detection methods. 
 
1.2 LITERATURE REVIEW 
 
1.2.1 Cholera epidemiology 
A total of 132 121 cholera cases were reported to WHO globally with 2420 deaths in the year 
2016. Fifty-five percent of the reported cholera cases were from Africa (WHO, 2016). Since the 
year 1817 there has been seven cholera pandemics (see Table 1.1).  
 
Table 1.1 The cholera pandemics (Hunter, 1997). 
Pandemic Organism Origin Duration Affected regions 
First O1-Classical Bangladesh 1817-1823 India, SE Asia, Middle East, East Africa 
Second O1-Classical Bangladesh 1826-1851 India, SE Asia, Middle East, Africa, 
Europe, Americas 
Third O1-Classical Bangladesh 1852-1859 India, SE Asia, Middle East, Africa, 
Europe, Americas 
Fourth O1-Classical Bangladesh 1863-1879 India, SE Asia, Middle East, Africa, 
Europe, Americas 
Fifth O1-Classical Bangladesh 1881-1896 India, SE Asia, Middle East, Africa, 
Europe, Americas 
Sixth O1-Classical Bangladesh 1899-1923 India, SE Asia, Middle East, Africa, 
Europe, Americas 
Seventh O1-El Tor Indonesia 1961- India, SE Asia, Middle East, Africa, 
Europe, Americas 
 
Generally, cholera in developed countries has disappeared because of the availability of treated 
water and sanitation provisions however it may still occur via imported cases. However most 
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rural communities of African countries including South Africa, still lack water and sanitary 
facilities, thereby putting these communities at high risk for cholera and other waterborne 
diseases (Mintz and Guerrant, 2009). 
1.2.1.1 Cholera in South Africa 
The first cholera case in South Africa was reported in 1974 from the miners of the former Eastern 
Transvaal, now Limpopo Province. Suitable control measures combined with appropriate 
surveillance held cholera under control between 1974 and 1980 (Igbinosa and Okoh, 2008). 
 
In 1980, a cholera incident was detected at Shongwe hospital in KaNgwane [Limpopo Province] 
(Küstner and Du Plessis, 1991). Between October 1980 and July 1987, a total of 25 251 cholera 
cases were diagnosed near the border of Mozambique (Mugero and Hoque, 2001).  
 
A cholera outbreak was reported in Kwa-Zulu Natal (KZN) Province in 2000-2001 (Mendelsohn 
and Dawson, 2008). The outbreak resulted in 106 389 cases of cholera with 229 deaths (Hoque 
and Worku, 2005).  
 
The next cholera outbreak reported in South Africa was in 2008 because of the cholera outbreak 
in Zimbabwe. The 2008 Zimbabwean cholera outbreak was transferred to South Africa and 
resulted in 1 279 incidences and 12 deaths (Archer et al. 2009). 
 
1.2.2 Pathogenicity and virulence factors 
 
1.2.2.1 V. cholerae mode of infection 
Cholera infection begins with the consumption of toxigenic V. cholerae contaminated food or 
water (Percival et al. 2004). After consumption, V. cholerae colonizes the small intestines using 
the toxin-coregulated pili (TCP) [Childers and Klose, 2007]. Once the bacterium  adheres to the 
small intestine, it secretes the cholera enterotoxin, an A-B subunit group enterotoxin (Domingos 
et al. 2009). The B subunit of cholera toxin enters the host cell membrane and enables entrance of 
the A subunit into the cells cytoplasm. The A subunit catalyses inhibition of the uptake of 
electrolytes and water (Kang et al. 2015) resulting in immense secretion of electrolytes and water 
into the gut, these then results in a watery diarrhoea (Kaper et al. 1995). 
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1.2.2.2 Virulence gene in V. cholerae 
Vibrio cholerae strains capable of causing the disease cholera possess lysogenic CTX phage 
(Waldor and Mekalanos, 1996) and Vibrio pathogenicity island (VPI) (Karaolis et al. 1999). The 
VPI contains the genes coding for toxin-co-regulated pilus (TCP) and CTX encodes cholera toxin 
(CT) (Kovacikova and Skorupski, 2002). 
 
A transmembrane DNA-binding protein ToxR has been widely reported to be a central virulence 
gene expression regulator in V. cholerae (Matson et al. 2007). A total of 17 genes making what is 
named ToxR regulon are expressed under the control of ToxR in combination with ToxS another 
membrane protein (Li et al. 2000). ToxS enhance the activity of ToxR by aiding the formation of 
ToxR dimers, which are the active state of ToxR for gene expression. 
 
ToxR regulon consist of two branches: toxT dependent and toxT independent (Champion et al. 
1997). In toxT independent branch, ToxR activates expression of pore-forming outer membrane 
proteins OmpU and represses expression of OmpT another pore-forming outer membrane protein 
(Sperandio et al. 1995). It has been reported that resistance to anionic detergents and bile is 
associated  with ompU-expressing strains  compared to ompT-expressing cells (Wibbenmeyer et 
al. 2002). 
 
In toxT dependent branch, ToxR, ToxS, TcpP and TcpH together activate transcription of AraC-
type regulator ToxT (Krukonis et al. 2000). ToxT directly activates expression of TCP, CT and 
accessory colonization factor (ACF) (Yu and DiRita, 2002).  The toxT gene resides on the VPI 
within TCP gene cluster (Karaolis et al. 1998). 
 
1.2.2.3 Other V. cholerae virulence genes 
Vibrio cholerae is now recognized to have other virulence factors beside the cholera toxin. Vibrio 
cholerae strain with these toxins and lacking cholera toxin are unable to cause cholera but are 
capable to contribute to diarrhea (Michalski et al. 1993).  
 
Numerous V. cholerae serotypes including non-O1/non-O139, O139 and O1 biotype El Tor 
express a hemolysin/cytolysin, a membrane-destructive toxin (Zitzer et al. 1997; Cinar et al. 
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2010). The toxin is reported to cause hemolysis of several vertebrate erythrocytes and fluid 
accumulation in rabbit ileal loops (Ikigai et al. 1996).  
 
Vibrio cholerae non-O1 strains could produce a heat-stable enterotoxin (NAG-ST) closely related 
to the heat stable toxins secreted by enterotoxigenic Escherichia coli (Kaper, 1995).  About 7% 
of clinical V. cholerae non-O1 from Thailand were found to have NAG-ST (Hoge et al. 1990). 
Vibrio cholerae non-O1 producing NAG-ST were shown to cause diarrhoea in volunteers (Morris, 
1990).  
 
 Fasano et al. 1991 described zot (zonula occludens toxin), a gene found “immediately upstream 
of the ctx operon encoding cholera toxin on a 4.5-kb region termed core region”.  The toxin is 
reported to “increase the permeability of the small intestinal mucosa by affecting the structure of 
the intercellular tight junction, or zonula occludens” (Wang et al. 2000; Fasano et al. 1997). 
Trucksis et al. (1993) described accessory cholera enterotoxin (ace) a third toxin from zot and ctx, 
located also on V. cholerae ‘core region’. Accessory cholera enterotoxin has been reported to 
“increase short circuit current in Ussing chambers” (Tamayo et al. 1997). 
 
V. cholerae neuraminidase (encoded by neuraminidase gene, nanH) is a sialidase considered a 
virulence factor (Staerk et al. 1974, Galen et al. 1992). V. cholerae neuraminidase is reported to 
increase the sensitivity of host cells to CT by “releasing sialic acid from higher gangliosides 
present on eukaryotic cells surface, exposing ganglioside GM1, which is the cholera toxin 
receptor” (de Abreu Figueiredo et al. 2005). A study by Jermyn and Boyd (2005) revealed that, 
nanH, is present inside a pathogenicity island named VPI-2. 
 
1.2.2.4 Evolution of V. cholerae pathogenicity traits in the aquatic environment  
Vibrio cholerae, includes both pathogenic and non-pathogenic strains, and contains two circular 
non-homologous asymmetric stable chromosomes consisting of both core (around 95%) and 
acquired flexible gene pool (around 5%) (Heidelberg et al. 2000). Like other bacteria, the core 
part of the V. cholerae genome encodes functions essential for growth and survival while 
acquired genes are important for toxin production (Waldor and Mekalanos, 1996), disease 
development (Farugue and Mekalanos, 2003), antimicrobial resistance (Cambray et al. 2010),  
and metabolic processes (Davies et al. 2012). 
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In the aquatic environment, it has been demonstrated that horizontal gene transfer (HGT) has 
contributed to several important characteristics of vibrios, such as pathogenecity and ecological 
fitness (Vezzulli et al. 2008). For example, various researchers have demonstrated that V. 
cholerae O139 strains associated with epidemics arose via a homologous recombination event 
from the O1 El Tor strain via HGT (Blokesch and Schoolnik, 2007).  
 
Interestingly, V. cholerae two major virulence factors are encoded within mobile genetic 
elements that were acquired through horizontal gene transfer (Karaolis et al. 1998). Cholera toxin 
is encoded within the filamentous phage CTXᵩ. The CTXᵩ phage has been demonstrated to be 
transferable between V. cholerae strains, with TCP acting as the phage receptor (Waldor and 
Mekalanos, 1996). TCP is encoded within the Vibrio pathogenicity island-1 (VPI-1) (Karaolis et 
al. 1998). Like CTXᵩ, VPI-1 is able to excise from its host chromosome and form circular 
intermediates. This would potentially allow for the transfer of the TCP operon to “naïve” strains 
of V. cholerae (Rajanna et al. 2003). As a further example of the role of HGT in the aquatic 
environment, it was found that the V. cholerae connection with chitin, which is one of the most 
abundant biopolymers in the marine environment, is responsible for induction of the competence 
state in the bacterium, that is, the capability for acquiring exogenous genetic material during 
growth on chitin via transformation (Meibom et al. 2005). 
 
In the aquatic environment, microbial genes responsible for human disease can be exchanged by 
HGT from species to species, across genera, across families and even higher taxonomic levels 
(Vezzulli et al. 2008). For instance, it has been suggested that V. mimicus may be a significant 
reservoir for both CTXᵩ and VPIᵩ and may play an important role in the emergence of new 
toxigenic V. cholerae isolates (Boyd et al. 2000). V. cholerae virulence-related and virulence-
regulatory genes have also been detected in other environmental Vibrio species, for example V. 
alginolyticus and non-O1/O139 V. cholerae (Xie et al. 2005). The fact that the major 
pathogenicity factors of V. cholerae are encoded within mobile genetic elements suggests that 
there might be hybrid strains that have acquired only a subset of these elements (Chakraborty et 
al. 2000). These strains have the potential of acting as reservoirs of virulence genes for non-
toxigenic strains of V. cholerae. 
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1.2.3 Vibrio cholerae ecology 
 
1.2.3.1 Zooplankton 
Vibrio cholerae association with zooplankton was discovered in the early 1980s (Huq et al. 
1983). Copepods were found to be the main zooplankton species associated with Vibrio cholerae 
(Islam et al. 1996). Other zooplanktons that have been reported to associate with V. cholerae 
include Cladocerans, Rotifers and Cirripede nauplii (Heidelberg et al. 2002).  
 
Vibrio cholerae produce an extracellular chitinase that supports adhesion to zooplankton 
(Meilbom et al. 2004). The production of the chitinase enzyme aids the bacteria to digest 
zooplankton chitin using it as source of nutrients (Pruzzo et al. 2008). 
 
V. cholerae is known to be enhanced by chitin, supporting adaptation of the bacteria to numerous 
ecological microcosms such as biofilms, planktonic and benthic organisms and the 
gastrointestinal system of humans (Meilbom et al. 2005). Additionally, V. cholerae interaction 
with zooplankton is reported to afford the bacteria with substantial benefits such as protection 
from protozoan grazing (Matz et al. 2005; Turner et al. 2014).  
 
Vibrio species counts were reported to correlate with zooplankton mass (Heidelberg et al. 2002) 
indicating that consumption of zooplankton in drinking water may lead to the onset of cholera. 
Previous research by Colwell and Huq (1994) suggested that dispersal of V. cholerae by means of 
zooplankton is important in the occurrence of cholera in developing countries.  
 
1.2.3.2 Phytoplankton 
Association of V. cholerae with phytoplankton species has been reported in literature (Lutz et al. 
2013). Vibrio cholerae was reported to attach to cyanobacteria (Islam et al. 1999; Eiler et al. 
2007), macroalgae (Vugia et al. 1997; Haley et al. 2012), diatoms and dinoflagellates (Binsztein 
et al. 2004; Eiler et al. 2006). The enzyme mucinases enables V. cholerae attachment to 
mucilaginous phytoplankton (Epstein, 1993).  
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It is reported that V. cholerae use extracellular products released by algae to derive nutrients 
thereby prolonging its survival in the environment (Borroto et al. 2007). Huq et al. (1990) found 
V. cholerae O1 to endure environmental changes when attached to Volvox species. It has been 
previously suggested that V. cholerae attached to photosynthetic algae may supply the algae with 
carbon dioxide and in turn, the algae will supply oxygen for the aerobic respiration of the 
bacterium (Islam et al. 1994; Seeligmann et al 2008).  
 
Worden et al. (2006) showed an increased rate of growth for V. cholerae with continuing 
phytoplankton blooms. Phytoplankton blooms are always followed by zooplankton blooms, 
which have been shown to harbour V. cholerae (Huq et al. 2005).  
 
Due to the link between phytoplankton blooms and the increase in the rate of growth of V. 
cholerae, remote sensing of chlorophyll ‘a’ has been recommended as a process to forecast 
cholera outbreaks (Lobitz et al. 2000).  
 
1.2.3.3 Sediments 
Persistence of viruses and bacteria in sediments has been previously reported (Pommepuy et al. 
1992). Du Preez et al. (2010) isolated V. cholerae O1 and O139 in water and sediment samples 
during “epidemic and inter-epidemic periods, indicating a year-round reservoir” of the bacteria in 
Beira, Mozambique. Bacteria adsorb to suspended particles in water, which then settle down to 
the sediment compartment (Davies et al. 1995), facilitating attachment of bacteria to the 
sediments. It has been reported that sediments attached bacteria may be 2 to 3 fold more than the 
overlying water bacterial population (Utsumi et al. 1998). The increased numbers of bacteria may 
be due to high concentrations of nutrients linked with the sediments (Sudhanandh et al. 2010; 
Droppo et al. 2009; Dalmin et al. 2002). Sediment attached bacteria stay viable for weeks and 
may be re-suspended in the water column after a mixing event (Mallin et al. 2007).  
 
1.2.3.4 Amoeba 
Acanthamoeba species are normally found in natural water systems as free-living amoebae 
(Martinez and Visvesvara, 1997). Acanthamoebae survive in the natural water systems by 
utilising extracellular bacteria as food (Shanan et al. 2011), enhancing their survival in different 
natural environments.  
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Numerous bacteria have been reported to be resistant to Acanthamoebae, having the ability to 
grow and survive intracellularly within the amoeba (Vieira et al. 2017; Greub and Raoult, 2004). 
Bacteria that have been reported to survive intracellularly within Acanthamoebae include 
Francisella tularensis (Abd et al. 2003), Campylobacter jejuni (Axelsson-Olsson et al. 2005), 
Legionella pneumophila (Zusman et al. 2004), Coxiella burnetii (La Scola et al. 2001), Listeria 
monocytogenes (Ly and Muller, 1990), Helicobacter pylori (Winiecka-Krusnell et al. 2002), 
Escherichia coli (Alsam et al. 2006), Salmonella typhimurium (Gaze et al. 2003), Shigella 
dysenteriae and Shigella sonnei (Saeed et al. 2009). The association of bacteria with amoeba 
afford the bacteria survival advantages such as protection from antibiotics and chlorination (Abd 
et al 2003 and King et al 1988).  
 
Vibrio cholerae O1 and O139 have also been reported to survive and grow inside free-living A. 
castellanii (Thom et al, 1992, Abd et al. 2005, 2007). The association of Vibrio cholerae with 
Acanthamoebae indicates that the latter could play a significant role as a reservoir and/or vector 
to  pathogenic V. cholerae (Abd et al. 2007). The interaction of V. cholerae and Acanthamoebae 
may result in an increased risk of human illness caused by both V. cholerae and Acanthamoebae. 
 
1.2.3.5 Protozoa 
The relationship between protozoa and bacteria is thought to be one of the oldest predator–prey 
interactions in the environment (Cavalier-Smith, 2002). Protozoan grazing on bacteria is reported 
to be among the dominant elements affecting bacterial mortality (Hahn and Höfle, 2001). It is 
well recognised that protozoan grazing can determine bacterial community structure (Jürgens and 
Matz, 2002).  
 
Matz and Kjelleberg, (2005) reviewed bacteria developed traits in defence against protozoan 
grazing. Some of the bacterial defence tactics include toxin production (Matz et al. 2004), 
digestion resistance (Boenigk et al. 2001), oversized cells (Hahn et al. 1999) and increased 
motility (Matz and Jürgens, 2005).   
 
Vibrio cholerae form biofilm, which protect it against protozoan grazing (Matz et al. (2005). To 
attach to surfaces and form biofilm Vibrio cholerae produce vibrio polysaccharide, a significant 
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element of V. cholerae biofilm matrix (Yildiz and Schoolnik, 1999). Vibrio polysaccharide 
inhibits access of protozoans to biofilm enclosed V. cholerae cells thereby protecting them from 
predation (Boenigk and Arndt, 2000). Furthermore, Vibrio polysaccharide within V. cholerae 
biofilms may also permit retention of anti-protozoa molecules and efficiently cumulate the anti-
protozoal action of the biofilm (Matz et al. 2005). In a biofilm, V. cholerae cells may also 
produce quorum sensing regulated anti-protozoa molecules that protect them from protozoa that 
colonise biofilms (Sun et al. 2013).  
 
1.2.3.6 Bacteriophages  
Viruses infecting microbes are now reflected to be the supreme plentiful biological entity on 
earth (Debarbieux, 2014). Bacteriophages are thought to have significantly driven bacterial 
evolution (Faruque and Mekalanos, 2012). Phages have been reported to confer a variety of 
qualities to their hosts including production of toxin (Waldor and Mekalanos, 1996) and 
resistance to superinfection (Paul et al. 2002). Phages may also help in shaping a specific 
microbial diversity through their role as species-specific predators (Brüssow et al. 2004).  
 
Labrie et al. (2010) reviewed bacterial defence mechanisms against viral predation. Some of the 
bacterial defence mechanisms include “inhibition of phage attachment to cell surface receptors, 
cleavage of the invading phage genome and even the induction of an altruistic cell suicide to 
abort phage infection” (Samson et al. 2013).  Bacteriophages have also developed strategies to 
defeat bacterial defences. These bacteriophage strategies have recently been reviewed by 
Debarbieux, (2014) as well as Samson et al. (2013).  
 
Faruque et al. (2005) proposed that phages might play a major role in ending cholera epidemics. 
The study by Faruque et al. (2005) showed that phage blooms were followed by a decline of V. 
cholerae O1 and O139 as well as a decline in number of cholera reported cases in Dhaka, 
Bangladesh. Zahid et al (2008) showed that phages lead to the fall of cholera epidemics by 
reducing V. cholerae numbers through predation to less than the required infectious dose of the 
bacteria. This strengthens Faruque et al. (2005) proposal that “bacteriophages predation on 
pathogenic V. cholerae may influence cholera epidemic cycle on short time scales and may act to 
modify the duration and severity of cholera outbreaks”.  
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1.2.3.7 Salinity and temperature 
Cholera seasonality in areas where the disease is endemic suggests that environmental conditions 
are interrelated to cholera epidemics (Louis et al. 2003). Vibrio cholerae has been reported to 
survive on a range of salinities and temperatures. Table 1.2 show V. cholerae salinity and 
temperature ranges in several experimental settings. Vibrio cholerae numbers normally remain 
low at temperatures under 20 °C and the number increases reaching their highest when water 
temperature is between 30 and 40 °C (Heath et al. 2002; Kaper et al. 1995). Vibrio cholerae is 
reported to be autochthonous in aquatic environment (Vezzulli et al. 2009) but grows optimally at 
salinities of estuaries (Blake et al. 1980). The ideal reported salinity range for V. cholerae is 
between 2 and 14 ppt (Louis et al. 2003). Vibrio cholerae is specific for sodium; potassium and 
lithium could not replace sodium requirement (Singleton et al. 1982). Salinity and temperature of 
the water were reported to predict the occurrence of V. cholerae with precision of 75.5 to 88.5% 
(Colwell, 2004). 
 
Table 1.2 Ranges of temperature and salinity tolerance for Vibrio cholerae in various 
experimental settings (adopted from Colwell, 2004). 
Experimental setting Temp (°C) (Study range) 
 Salinity (g/l) 
(Study range) 
Laboratory microcosm 
 
 5, 10 
Laboratory microcosm 
 
 15 
Laboratory microcosm 20, 25  15, 25 
Chesapeake bay (estuary) 15-20  4-12 
Chesapeake bay (estuary) >17
a
 
 4-17 
Southern California (coastal areas) No preference  1-10 
Louisiana (coastal areas) dependent on saliniy (18-
30) 
 
<1 
Florida (estuary) and laboratory 
microcosm 
20-35 
 
12-25, 10-25 
England (river and marsh ditch) >9
b
 
 3-12 
Japan (rivers and coastal areas) ca. 21
c
 
 
0.4-32
d
 
a V. cholerae was detected at temperature above 10°C. b Highest temperature occur in August. c V. cholerae was 
detected at temperature above 7 °C. d The detection range was 0.4-32.5 g/L. 
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1.2.4 Vibrio cholerae detection methods 
 
1.2.4.1 Conventional culture methods 
Conventional culture-based methods for detection of V. cholerae involve three successive steps 
of bacterial enrichment, selective plating, and confirmation of isolate by the use of biochemical 
and/or serological tests (Kim et al. 2012). Alkaline peptone water is the favoured enrichment 
broth medium for V. cholerae (Percival et al. 2004) due to the sodium chloride incorporated in 
this medium, while the alkalinity of this medium inhibits most of the unwanted background flora 
(Kay et al. 1994).  
 
Thiosulfate-citrate-bile salts-sucrose (TCBS) medium is the extensively used selective medium 
for V. cholerae isolation (Nigro and Steward, 2015). TCBS is widely used because it is easy to 
prepare with no autoclaving required. Furthermore TCBS media is available commercially 
(Ntema, 2009). Vibrio cholerae growing on TCBS ferment sucrose and form yellow colonies. 
Bacteria other than V. cholerae have been reported to grow on TCBS media (Choopun et al. 
2002). 
 
Identification of V. cholerae from TCBS isolates is generally realised over a series of 
biochemical and serological tests (Nandi et al. 2000). O’Hara et al. (2003) evaluated six 
commercial systems and indicated their inability to correctly identify Vibrio species. The 
commercial systems included API 20E, Crystal E/NF, Vitek GN+ and ID-GNB, and MicroScan 
Neg ID2 and Rapid Neg ID3. Shimada et al. (1994) showed that the agglutinins of V. cholerae 
O22 and O155 cross-react with antiserum against the V. cholerae O139 serogroup. 
  
Culture methods are time consuming, labour-intensive and defective (Hossain et al. 2013). The 
limitations of culture detection methods are further worsened by V. cholerae being able to enter a 
viable but non-culturable (VBNC) state (Vora et al. 2005). Vibrio cholerae in the VBNC state 
cannot be detected by culture methods, even though they preserve their infective potential 
(Girones et al. 2010). Limitations with culture detection methods may be overcome by the use of 
molecular methods of which polymerase chain reaction (PCR) is the most commonly applied 
(Garrido-Maestu et al. 2014). 
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1.2.4.2 Polymerase chain reaction  
Polymerase chain reaction (PCR) is a method used to copy a defined piece of nucleic acid (DNA 
or RNA) sequence from a specific organism, generating multiple copies of the precise nucleic 
acid sequence (Brasher et al, 1998). Polymerase chain reaction (PCR) assays have increasingly 
become the preferred methods for bacterial pathogens and faecal indicator testing in water over 
the conventional culture methods (Chua et al. 2011; Lalitha et al. 2008). The increase in the use 
of PCR is motivated by a couple of advantages, which include detecting and identifying bacterial 
pathogens with high specificity, efficiency, sensitivity and speed as compared to conventional 
culture methods (Kim et al. 2012). Multiplex PCR assays allow the detection of multiple target 
genes simultaneously permitting the possibility of detection of multiple bacterial pathogens or 
characterization of a target bacterium (Garrido-Maestu et al. 2015). Furthermore, with PCR the 
ability to identify target bacteria at species, serogroup and biotype levels is possible (Espińeira et 
al. 2010). 
 
1.2.4.3 Vibrio cholerae PCR assays 
Single gene conventional PCR assays specific for Vibrio species, serotypes and virulent strains 
have been reported (Lipp et al. 2003; Chow et al. 2001; Albert et al. 1997; Chowdhury et al. 
1994; Fields et al. 1992; Shirai et al. 1991). Table 1.3 shows various reported gene targets for V. 
cholerae. Conventional V. cholerae multiplex PCR assays are also described in literature (Goel et 
al. 2005; Rivera et al. 2003; Singh et al. 2002; Rivera et al. 2001; Kapley and Purohit, 2001; 
Hoshino et al. 1998; Shangkuan et al. 1995; Keasler and Hall, 1993).  
 
Even though there are numerous published conventional V. cholerae PCR assays such as those 
cited above, there is a shift towards the development of real-time PCR assays. Conventional PCR 
assays are time consuming and resource demanding due to the need of agarose gel 
electrophoresis (Blackstone et al. 2007). Real-time PCR is more sensitive and faster than 
conventional PCR; and agarose gel electrophoresis is not needed as the entire process of 
amplification and detection of amplicons occurs in a single closed tube (Xu et al. 2015). Use of 
closed tube system with real-time PCR reduces possibility of cross contamination (Higuchi et al. 
1992). 
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Table 1.3 Genes reported in literature that have been used to detect V. cholerae.  
Type of strain Gene 
Name 
Function Reference 
V. cholerae species ompW Outer membrane protein Alam et al. (2006) 
ISR Intergenic spacer region Robert-Pillot et al. 
(2014) 
SodB Superoxide dismutase Tarr et al. (2007) 
groEL 60-kDa chaperonin product Fykse et al. (2007) 
hlyA Hemolysin Fykse et al. (2007) 
toxR Central regulatory protein ToxR Nandi et al. (2000) 
mshA mannose-sensitive pili Gubala, (2006) 
epsM extracellular secretory protein Gubala and Proll, 
(2006) 
rtxA Repeat in toxin Gubala and Proll, 
(2006) 
V. cholerae O1 and 
O139 
rfb O-antigen biosynthesis Lipp et al. (2003) 
wbe O-antigen biosynthesis Lipp et al. (2003) 
V. cholerae virulence 
genes 
ctxA Subunit A of cholera toxin Robert-Pillot et al. 
(2014) 
tcpA Toxin coregulated pilus Chomvarin et al. 
(2007) 
nanH Neuraminidase Tapchaisri et al. 
(2007) 
ninT bacteriophage-like integrase Tapchaisri et al. 
(2007) 
ace Accessory cholera toxin Singh et al. (2001) 
zot Zonula accludens toxin Singh et al. (2001) 
 
Real-time PCR assays normally uses intercalating dyes (e.g. SYBR green) for detection of 
reaction products through fluorescence (Gubala and Proll, 2006). Use of fluorogenic probes in 
PCR, relative to intercalating dyes lead to a greater degree of specificity (Fedio et al. 2007). A 
couple of fluorescent probe-based chemistries have been developed and are accessible from 
different commercial vendors, including TaqMan probes, molecular beacons, dual hybridization 
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probes, eclipse probes, scorpions PCR primers, LUX PCR primers and QZyme PCR primers. A 
couple of V. cholerae multiplex real-time PCR assays are published in literature (Garrido-Maestu 
et al. 2015; Fykse et al. 2012; le Roux and van Blerk, 2011; Koskelaa et al. 2009; Huang et al. 
2009; Gubala and Proll, 2006; Lyon, 2001). 
 
1.2.4.4 Viability PCR  
Regardless of the advantages of PCR-based technologies, it is vital to be aware of their 
limitations. One of the most significant obstacles is that they do not differentiate between viable 
and non-viable organisms since all fractions contain DNA (Taskin et al. 2011).  
 
A method for discriminating between viable and non-viable cells using ethidium monoazide 
(EMA)-PCR was reported by Nogva et al. (2003). An alternative method propidium monoazide 
(PMA)-PCR was later described by Nocker et al. (2006). Ethidium monoazide and propidium 
monoazide cannot enter viable cells that have an undamaged cell membrane but it can enter cells 
where the cell membrane has been disrupted. 
 
Once the molecules intercalates with DNA they are reported to covalently linked nucleotides on 
exposure to light (Nocker et al. 2007). The cross-linking of DNA to EMP or PMA renders the 
EMA/PMA-bound DNA inaccessible to Taq polymerase therefore inhibiting PCR amplification 
(Nocker and Camper, 2009).  
 
Ethidium monoazide or propidium monoazide pre-treatment step to limit amplification of nucleic 
acid from membrane-damaged cells has been applied in combination with reverse transcription 
PCR (Graiver et al. 2010), real-time PCR (Rudi et al. 2005), end point PCR (Brescia et al. 2009), 
terminal restriction fragment length polymorphism (Rogers et al. 2008), denaturing gradient gel 
electrophoresis (Nocker et al. 2007), next generation sequencing (Nocker et al. 2010) and 
microarray technology (Nocker et al. 2009). 
 
Ethidium monoazide and propidium monoazide have been applied to a wide variety of 
microorganisms including bacterial spores (Rawsthorne et al. 2009), bacterial vegetative cells 
(Agusti et al. 2010; Cawthorn and Witthuhn, 2008; Pan and Breidt, 2007), viruses (Sanchez et al. 
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2012; Graiver et al. 2010), protozoa (Brescia et al. 2009), yeast (Shi et al. 2012; Andorrà et al. 
2010) and fungi (Vesper et al. 2008). 
 
Although though EMA-PCR and PMA-PCR methods have the potential to provide PCR results 
from viable microorganisms only, the methods limitations when analysing environmental 
samples have been reported (Varma et al. 2009; Wagner et al. 2008; Pisz et al. 2007). PMA-real-
time PCR method capacity to count viable bacteria was reported to be inhibited by high 
concentrations of total suspended solids and biomass in water samples or in sludge (Desneux et 
al. 2015). 
 
 Barbau-Piednoir et al. (2014) proposed enrichment followed by PCR to be more reliable for 
detection of viable bacteria from complex samples. Bacterial enrichment followed by PCR 
approach has previously being shown to be successful in detection of V. cholerae from 
environmental water samples (Huang et al. 2009; Chomvarin et al. 2007).  
 
1.2.4.5 PCR inhibition 
PCR inhibitors are any factor, which prevent the amplification of nucleic acids through the 
polymerase chain reaction (PCR). PCR inhibitors are known to be present in environmental water 
samples (Huggett et al.  2008; Monteiro at al. 1997). Reported PCR inhibitors from 
environmental water samples include humic, fulvic acid, bacterial debris, complex 
polysaccharides, fats, nucleases and metal ions (Wilson, 1997). Other, more widespread 
inhibitors include constituents of bacterial cells, non-target DNA and laboratory items such as 
pollen, glove powder, laboratory plastic-ware and cellulose (Queiroz et al. 2001). Inhibitory 
substances primarily disrupt the amplification of target nucleic acids: 1) by interfering with the 
extraction of nucleic acid; 2) through the degradation or capture of nucleic acid; and 3) by 
inhibiting PCR amplification (e.g., interfering with polymerases) (Radstrom et al. 2008).  
 
There are several mechanisms to control for molecular inhibitors. PCR inhibition can be 
overcome by diluting the matrix several fold. However, this approach also dilutes the template 
DNA, which compromises sensitivity (Sedlak et al. 2014). Another mechanism is to improve 
sample concentration or nucleic acid extraction and purification techniques (e.g., phenol-
chloroform extraction, polyethylene glycol precipitation, nucleic acid extraction kits) to avoid co-
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concentrating inhibitors (Gibson et al. 2012).  An alternative strategy that can be used to 
overcome PCR inhibition is to use PCR facilitators. Some of the reported PCR facilitators 
include bovine serum albumin, single-stranded DNA binding T4 gene 32 protein, organic 
solvents and proteinase inhibitors (Al-Soud and Rådstrӧm, 2000). It is important to note that 
adding PCR facilitators would require optimization of each qPCR assay, and the optimal 
concentration may still vary depending on the sample matrix and specific inhibitors present. 
 
External controls and internal amplification controls are commonly used for monitoring of PCR 
inhibition (Mackay et al. 2002). These inhibition standard controls may be 1) the same sequence 
as the DNA of the target bacterial genome (Hata et al. 2011); 2) plasmid DNA transcripts 
containing a recombinant sequence of the target bacterial genome (Scipioni et al. 2008); or 3) 
exogenous nucleic acid sequences that are not the same as the DNA of the target bacterial 
genome (Stevenson et al. 2008). Another approach for identifying inhibition is analysing shifts in 
amplification efficiency for each qPCR sample. Examples include statistical and kinetic 
modelling approaches (e.g., sigmoidal curve fit model, linear regression of efficiency model, and 
modified standard curve) (Guescini et al. 2008). 
 
1.2.5 Microbial water quality indicators 
It is well known  that direct monitoring of microbial pathogens in river water can be found to be 
challenging due to; 
 Enormous variety of possible microbial pathogens in river water 
 Low density of each species of microbial pathogen in river water 
 Lack of standardized methods for pathogen identification and enumeration  
 Exorbitant and time-consuming identification and enumeration methods for microbial 
pathogens (Nevondo and Cloete, 1999; Lehloesa and Muyima, 2000; Bezuidenhout et al. 
2002). 
 
Due to the above listed challenges, it is impractical to test water for all pathogens associated to 
water-borne illness (Obi et al. 2002). Faecal indicator organisms are often used as indicators for 
the possible occurrence of pathogens in water (Hachich et al. 2012). Faecal indicator organisms 
are a group of organisms that are used to presume faecal contamination, and possible presence of 
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pathogens in water (WHO, 2001). WHO (2003) listed characteristics that a faecal indicator 
organism should have, which include; 
 
 Be suitable for all types of water; 
 Be present in sewage and polluted waters whenever pathogens are present; 
 Be present in numbers that correlate with the degree of pollution; 
 Be present in numbers higher than those of pathogens; 
 Not multiply in the aquatic environment; 
 Survive in the environment at least as long as pathogens; 
 Be absent from unpolluted water; 
 Be detectable by practical and reliable methods; 
 Not pathogenic and be safe to work with in the laboratory. 
 
Thermo-tolerant coliforms, Escherichia coli, faecal streptococci, enterococci, Clostridium 
perfringens, bifidobacteria and coliphages are used as faecal indicators for water quality 
management and health risk assessment (Figueras and Borrego, 2010; Foppen and Schijven, 
2006). The South African water quality guidelines list E. coli as the preferred faecal indicator 
organism (Mardon and Stretch, 2004).  
 
1.2.5.1 Diarrheagenic E. coli 
It is now known that E. coli consist of the commensal and diarrheagenic types (Omar and 
Barnard, 2014). Diarrheagenic E. coli types are classified into the following: entero-pathogenic 
E. coli (EPEC), entero-toxigenic E. coli (ETEC), entero-haemorrhagic E. coli (EHEC), entero-
aggregative E. coli (EAEC) and entero-invasive E. coli (EIEC) (Ashbolt 2004; Kaper et al. 2004). 
Waterborne outbreaks of diarrheagenic E. coli have been previously reported (Müller et al. 2001; 
Effler et al. 2001). Disease and virulence traits that aid the bacteria to cause infections are listed in 
Table 1.4.  
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Table 1.4 Disease and virulence characteristics of diarrheagenic E. coli.  
Diarrhoegenic 
E. coli 
 Disease  Virulence characteristics 
ETEC  Travellers’ diarrhoea   Produces heat-labile and/or heat-stable 
enterotoxins and colonization factors 
(pili/fimbrial or nonfimbrial). 
     
EHEC  Diarrhoea, haemorrhagic colitis and 
occasionally complications such as 
thrombocytopenic purpura and haemolytic-
uremic syndrome. 
 They are characterized by attaching-and 
effacing-(A/E) lesions and shiga-like toxin 
or verotoxins. 
     
EPEC  Infantile diarrhoea.  Cause attaching and effacing lesions on the 
intestinal mucosa. 
     
EIEC  Mild diarrhoea or dysentery  They have the ability to invade epithelial 
cells similar to Shigella and are 
characterized by the presence of a large 
invasive plasmid.  
     
EAEC  Persistent and acute diarrhoea in both 
developed and developing countries.  
 Exhibit a distinctive “stacked-brick” 
aggregative adherence when cultured with 
HEp-2 cell.  
 
1.2.6 Opinions of the literature 
Vibrio cholerae associates with numerous dwellers of its natural environment, and its 
relationships with the different hosts vary widely. The above literature review presented a 
comprehensive description of these diverse associations. Chitin serves as a nutrient for V. 
cholerae and it induces natural transformation, a process by which it acquires new genes from 
other microbes in aquatic habitat. Horizontal gene transfer is an important contributor to the 
evolution of V. cholerae pathogenicity and the human body may only play a small part in the 
evolution. The most compelling consequence of a V. cholerae gene acquisition event occurred in 
1992 when a vast cholera epidemic erupted in India and Bangladesh and spread through Asia. 
Genetic analysis showed that this outbreak was due to the acquisition of a gene cluster that 
converted the ancestral V. cholerae O1 El Tor serogroup to an entirely new serogroup, designated 
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O139 Bengal. Acquisition of the O139 gene cluster by an O1 El Tor strain can be mediated by 
natural transformation and this can occur within a community of bacteria living on a chitin 
surface. It then become plausible that a combination of genetic and ecological factors can lead to 
the emergence of new pathogenic microbes in environmental reservoirs. Exchange of genetic 
material by bacteria resident in the natural aquatic environment could pose unknown risks. It is 
then important that our surveillance systems, which are designed to give early warning of disease 
outbreaks, need to reach beyond hospitals and doctors’ offices, and into the community and the 
natural aquatic environment. 
 
1.3 SCOPE OF PRESENT STUDY 
Huq et al. (1996) reported that cholera is a waterborne disease with the infectious agent V. 
cholerae being transmitted via water. Vibrio cholerae is a common inhabitant of many aquatic 
habitats and is most likely because it has evolved a range of strategies to enable its persistence in 
the natural environment. People in the rural communities of most developing countries like South 
Africa “are still dependent on” surface “water sources for all their water needs” (Ntema et al, 
2010) and are therefore at risk of cholera infection where the V. cholerae proliferation is favoured 
by environmental conditions.  
 
Research is needed to determine whether V. cholerae association with phytoplankton, 
zooplankton, and amoeba of South African rivers is indiscriminate or whether, on the contrary, it 
exhibits a preference of blue-green algae and planktonic copepods, as suggested by findings from 
Bangladesh. It is also necessary to determine both the geographic location of rivers that harbour 
reservoirs of toxigenic V. cholerae 01 and the communities that use the river water for 
consumption, bathing, fishing, and other activities. This V. cholerae study thus focused on 
Msunduzi River in (KwaZulu-Natal) South Africa, as this water resource is widely used for 
recreational, domestic, traditional and religious activities. 
 
1.4 PROJECT AIM 
The study aim was to investigate the occurrence and survival of V. cholerae in and around 
Msunduzi River in the KwaZulu-Natal province of South Africa.  
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1.5 STUDY OBJECTIVES 
a) To assess performance of six commercially available DNA extraction methods, rapid 
boiling method and an in-house DNA extraction method.  
b) Develop and optimise detection methods for total and toxigenic V. cholerae bacteria. 
c) Use faecal indicator organism to determine microbial water quality of Msunduzi River in 
KwaZulu-Natal province of South Africa. 
d) Identify V. cholerae from zooplankton, phytoplankton, amoeba, cow dung, sediments and 
water from Msunduzi River. 
 
 
CHAPTER 2 
 
22 
 
CHAPTER 2  
COMPARISON OF EIGHT DNA EXTRACTION METHODS FOR 
BACTERIAL DNA FROM WATER  
 
2.1 INTRODUCTION 
 
Polymerase chain reaction (PCR) assays are increasingly being reported as the 
method of choice for microbial characterization compared to culture-based detection 
methods (Rajal et al. 2007). This increase in popularity is due to its low cost, ease of 
use, and precision in characterizing microbial pathogens (Hata et al. 2011). 
 
Despite notable advantages of PCR methods over the conventional culture-based 
methods, they still have limitation in the detection of bacterial pathogens and faecal 
indicators from environmental water samples (Green and Field, 2012). One such 
limitation of the use of PCR methods for bacterial water quality monitoring is the 
existence of PCR inhibitors in the environmental water samples (Gentry-Shields et al. 
2013). Polymerase chain reaction inhibition may be a partial inhibition leading to 
reduced detection sensitivity or complete, inhibition, which will result in false 
negative reactions (Díaz-Flores et al. 2015).  
 
PCR inhibitors can be present in environmental water samples and even laboratory 
items (Gibson et al. 2012). Laboratory items that have been found to inhibit PCR 
include nitrocellulose and cellulose filters (Wilson, 1997), “glove powder and 
laboratory plastic ware itself (Boman et al. 1999). PCR inhibitors originating in 
environmental water samples can include fulvic acid, humic acids, phenolic 
compounds, glycogen, complex polysaccharides, bacterial debris, metal ions, 
proteinases, nucleases, heavy metals, fats and non-target nucleic acids (Oikarinen et 
al. 2009).  
 
Inhibitory substances may interfere with every component of PCR reaction including 
polymerase enzyme, magnesium chloride, PCR primers, nucleotides and template 
DNA (Powell et al. 1994; Saulnier and Andremont, 1992). Inhibitory substances may 
also affect nucleic acid extraction by interfering with cell lysis and/or capture of 
nucleic acid (Alaeddini, 2012). 
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Presence of inhibitory substances in nucleic acid extracts from environmental water 
samples can be monitored using external and internal amplification controls during 
PCR amplifications (Hu et al. 2015). To remove the effect of inhibitory substances on 
PCR amplification, the sample DNA extract containing PCR inhibitors can be diluted 
(Sedlak et al. 2014; Schriewer et al. 2011). However, dilution of the sample DNA 
extract should not compromise the sensitivity of the PCR assay (Alaeddini, 2012). 
 
A more effective approach is to remove inhibitory substances using a DNA extraction 
method (Boman et al. 1999). It is important to have an effective DNA extraction 
method available that can produce a high quality DNA extract that does not contain 
PCR inhibitors. The choice of a DNA extraction method is influenced by the DNA 
yield and whether the extracted DNA can be PCR amplifiable (Yang et al. 2008).  
 
Different methods with different approaches for extracting bacterial DNA from 
environmental water samples have been reported (Lemarchand et al. 2005; Rivera et 
al. 2003; Bourrain et al. 1999; Bej et al. 1991). The phenol-chloroform extraction 
method was previously the traditional method used for bacterial DNA extraction 
(Lemarchand et al. 2005; Rivera et al. 2003). Phenol-chloroform extraction methods 
have been reported to be cumbersome and time-consuming (Wilson and Carson, 
2001). Crude DNA can be obtained by rapid boiling of the cells (Gubala, 2006; 
Theron et al. 2000). This method is mostly used for bacteria grown on media or in 
broth. Preparation of DNA extract using the rapid boiling method has limitation in 
processing the different environmental water samples (Gannon et al. 1992). 
Furthermore, incomplete cell lysis my result when using rapid boiling method and this 
may result in partial or complete inhibition of PCR amplification (Todd et al. 1992).    
 
Bacterial DNA extraction using spin column technology has grown to be the preferred 
method for extraction of DNA from environmental water samples. DNA extraction 
using spin column technology usually involves lysis of bacteria and denaturing of 
proteins using chaotropic solutions and proteinases (Queipo-Ortuño et al. 2008). Lysis 
of bacterial cells release DNA. The released DNA is separated from other components 
of the cell by binding the released DNA to a glass fiber surface within a disposable 
plastic column (Read, 2001). The separated DNA is washed with high salt 
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concentration buffers within a disposable plastic column to remove cell components 
except DNA that is attached to a glass fiber (Mertens et al. 2014). Lastly, DNA is 
eluted using low salt concentration buffers and it is therefore ready to be used in PCR 
reactions (Read, 2001). 
 
The increase in the use of PCR for bacterial water quality monitoring has also 
increased the use of commercial DNA extraction methods (Monteiro et al. 1997). The 
increase in the use of commercial DNA extraction methods could be due to the high 
labour costs and time constraints in extracting DNA from environmental water 
samples (McOrist et al. 2002) using conventional methods. Despite this, cost remains 
an important factor when doing PCR based investigation in developing countries. 
 
In this chapter, six commercially available DNA extraction methods, the rapid boiling 
method and an in-house DNA extraction method were compared. The aim was to 
select an ideal method for DNA extraction based on cost of DNA extraction analysis, 
sample processing time, DNA yield and ability to extract PCR amplifiable DNA.  
 
2.2 METHODOLOGY  
 
2.2.1  Bacterial strains 
Bacterial strains used for DNA extraction comparison experiments included entero-
invasive E. coli (EIEC), entero-pathogenic E. coli (EPEC), Salmonella typhimurium, 
Shigella dysenteriae, Vibrio cholerae O1 and Vibrio cholerae non-O1. The bacterial 
strains were obtained from the National Health Laboratory Services (NHLS) of South 
Africa. All the bacterial strains were stored at – 70 °C in MicrobankTM cryovials (Pro-
Lab Diagnostics).  
 
2.2.1.1 Preparation of bacteria before DNA extraction 
Escherichia coli (EIEC), V. cholerae, S. typhimurium and S. dysenteriae were 
cultured overnight in 5 ml nutrient broth at 37 °C with mild agitation. An optical 
density of the cultured bacteria was determined using spectrophotometer (UV-1800 
spectrophotometer [Labex (Pty) LTD]) at 550 nm wavelength. The bacterial cultures 
were adjusted to an optical density of 1.0 before the experiments were performed. 
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Bacterial genomic DNA was extracted from the four cultured bacteria with all eight 
methods. All DNA extractions were performed in triplicate.  
 
2.2.2  DNA extractions from spiked Klip River water samples 
A volume of 100 mL of Klip River water samples were filtered through nitrocellulose 
membrane filters (0.45 µm pore size, 47 mm diameter; Millipore Corporation) and the 
membranes enriched in 100 mL buffered peptone water (BPW) for 18 hours at 37 °C. 
After enrichment, 900 μL of the culture broth was distributed into three 2 mL 
eppendorf tubes for each of the eight DNA extraction protocols. The broths were then 
spiked with 100 μL of overnight culture of EPEC. The culture used for spiking the 
broth was adjusted to an OD550 0.8 before spiking. After spiking, bacterial genomic 
DNA was extracted with all eight DNA extraction methods. The extracted DNA was 
quantified using the Qubit Quantification Platform Fluorometer (Invitrogen; USA) 
and used as a template for EPEC real-time PCR assay.   
 
2.2.3  DNA extractions 
The salient features of each extraction method are summarised in Table 2.1. The six 
commercial DNA extraction methods were performed according to the manufactures 
instructions. The commercial DNA extraction methods, in-house DNA extraction 
method (Ntema et al. 2010) and rapid boiling methods were performed as described 
below. For each bacterium (EIEC, V. cholerae, S. typhimurium and S. dysenteriae) 
and each DNA extraction method, DNA extractions were done in triplicates and were 
all performed on the same day. 
 
A 2 mL overnight Nutrient broth culture was added to a new 2 mL microcentrifuge 
tube (Sigma-Aldrich, Germany) and centrifuged at 13300 rpm for 60 seconds using a 
Spectrafuge 24D centrifuge (Labnet International, Inc; USA) to pellet the cells.  
Supernatant in the microcentrifuge tube was discarded. Bacterial cells were re-
suspended as per the instruction of the specific DNA extraction method.  
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Table 2.1 Summary of the eight DNA extraction method. 
 
Method Name Catalogue 
No. 
 Salient features 
1 Genomic DNA 
purification 
K0512  Protein precipitation followed by DNA 
concentration 
 
2 Wizard Genomic 
DNA 
purification 
 
A1125  Protein precipitation followed by DNA 
concentration 
3 Genelute 
Bacterial 
Genomic DNA 
NA2110  Genomic DNA released from bacteria 
treated by lysis buffer is bound to a 
silica gel membrane. The purified DNA 
on the membrane is eluted in the 
elution buffer 
 
4 DNeasy Blood 
and Tissue 
69804  Genomic DNA released from bacteria 
treated by lysis buffer is bound to a 
silica gel membrane. The purified DNA 
on the membrane is eluted in the 
elution buffer 
 
5 EzWay Genomic 
DNA 
K11733  Genomic DNA released from bacteria 
treated by lysis buffer is bound to a 
silica gel membrane. The purified DNA 
on the membrane is eluted in the 
elution buffer 
 
6 Nucleospin 
Tissue 
740952.50  Genomic DNA released from bacteria 
treated by lysis buffer is bound to a 
silica gel membrane. The purified DNA 
on the membrane is eluted in the 
elution buffer 
 
7 In-house   Genomic DNA released from bacteria 
treated by lysis buffer is bound to a 
silica gel membrane. The purified DNA 
on the membrane is eluted in the 
elution buffer 
 
8 Rapid Boiling   Bacteria are lysed by boiling and the 
lysate used as DNA 
 
2.2.3.1 Genomic DNA purification (Method 1) 
Cells were re-suspended in 200 μL Tris-EDTA (TE) buffer. A volume of 400 μL lysis 
solution was added to the sample and incubated at 65 °C for 5 minutes. After 
incubation, 600 μL of chloroform was added and the sample was gently emulsified by 
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inversion for 3-5 times. A sample was centrifuged at 10 000 rpm for 2 minutes 
(Spectrafuge 24D centrifuge, Labnet International, Inc; USA). Precipitation solution 
was prepared by mixing 720 μL of sterile distilled water with 80 μL of supplied 10 
times concentrated precipitation solution. The upper aqueous phase of the sample was 
transferred to a new 2 mL microcentrifuge tube (Sigma-Aldrich, Germany) and 800 
μL of a freshly prepared precipitation solution added. The mixture was mixed by 
several inversions for 1-2 minutes at room temperature. The sample mixture was 
centrifuged at 10 000 rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; 
USA) for 2 minutes and the supernatant was removed and the DNA pellet was 
dissolved in 100 μL of Sodium Chloride solution by gentle vortexing.  A volume of 
300 μL of cold ethanol was added to the sample mixture, which was incubated for 10 
minutes at -20 °C to precipitate the DNA. The mixture was centrifuged at 10 000 rpm 
for 4 minutes using a Spectrafuge 24D centrifuge (Labnet International, Inc; USA). 
Supernatant containing ethanol was removed. DNA was dissolved in 100 μL of sterile 
deionized water by gentle vortexing. 
 
2.2.3.2 Wizard genomic DNA purification (Method 2) 
A volume of 600 μL of nuclei lysis solution was added into the microcentrifuge tube 
by gentle pipetting until the cells were re-suspended. The microcentrifuge tube was 
incubated at 80 °C for 5 minutes to lyse the cells. After incubation, the 
microcentrifuge tube was cooled to room temperature. A 3 μL RNase solution was 
added to the cell lysate solution and the solution was mixed with the lysate by 
inverting the tube 2-5 times. The sample was then incubated at 37 °C for 60 minutes. 
After incubation, the sample was cooled to room temperature. A volume of 200 μL 
protein precipitation solution was added to the RNase-treated cell lysate. The sample 
was vortexed vigorously at high speed for 20 seconds to mix the protein precipitation 
solution with the cell lysate. The sample was incubated for 5 minute on ice and then 
centrifuged at 13300 rpm using a Spectrafuge 24D centrifuge (Labnet International, 
Inc; USA) for 3 minutes. The supernatant containing the DNA was transferred to a 
new 1.5 mL microcentrifuge tube containing 600 μL of room temperature isopropanol 
and the sample was gently mixed by inversion until the thread-like strands of DNA 
formed a visible mass. The sample was centrifuged at 13300 rpm for 2 minutes using 
a Spectrafuge 24D centrifuge (Labnet International, Inc; USA). After centrifugation, 
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the supernatant was poured off and the microcentrifuge tube drained on clean 
absorbent paper. A volume of 600 μL of room temperature 70% ethanol was added to 
the sample and the microcentrifuge tube gently inverted several times to wash the 
DNA pellet. The sample was centrifuged at 13300 rpm for 2 minutes using a 
Spectrafuge 24D centrifuge (Labnet International, Inc; USA). Ethanol in the sample 
was carefully aspirated. Microcentrifuge tube was drained on clean absorbent paper 
and the pellet was allowed to air-dry for 15 minutes. A volume of 100 μL DNA 
rehydration solution was added to the sample and the DNA rehydrated by incubating 
at 65 °C for one hour. The solution was periodically mixed by gently tapping the tube.  
 
2.2.3.3 Genelute Bacterial Genomic DNA (Method 3) 
A volume of 20 μL lysis solution T was added to the sample to re-suspend the pellet. 
For RNA-free genomic DNA, 20 μL of RNase A solution was added to the sample 
and the sample incubated for 2 minutes at room temperature. A volume of 20 μL 
Proteinase K solution was added to the sample. The sample was mixed and incubated 
for 30 minutes at 55 °C. A volume of 200 μL lysis solution C was added to the sample 
and the sample vortexed thoroughly for about 15 seconds. The sample was then 
incubated at 55 °C for 10 minutes. A volume of 500 μL of the column preparation 
solution was added to each pre-assembled GenElute Miniprep Binding Column seated 
in a 2 mL collection tube. The column were centrifuged at 12300 rpm for 1 minute 
using a Spectrafuge 24D centrifuge (Labnet International, Inc; USA). After 
centrifuging, the eluent in the collection tube was discarded. A volume of 200 μL 
ethanol (100%) was added to the lysate and mixed thoroughly by vortexing for 5-10 
seconds. Using a wide bore pipette tip, the entire contents of the tube were transferred 
into the binding column. The column was centrifuged at 9200 rpm (Spectrafuge 24D 
centrifuge, Labnet International, Inc; USA) for 1 minute. The collection tube 
containing the eluent was discarded and the column was placed in a new 2 mL 
collection tube. A volume of 500 μL of wash solution was added to the column and 
the column was centrifuged for 1 minute at 9200 rpm (Spectrafuge 24D centrifuge, 
Labnet International, Inc; USA). The collection tube containing the eluent was 
discarded and the column was placed in a new 2 mL collection tube and 500 μL of 
wash solution was added to the column and the column was centrifuged for 3 minutes 
at 14300 rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA). The 
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collection tube containing the eluent was discarded and the column was placed in a 
new 2 mL collection tube. A volume of 200 μL elution solution was added onto the 
column and the column was incubated for 5 minutes at room temperature. After 
incubation, the column was centrifuged at 9200 rpm (Spectrafuge 24D centrifuge, 
Labnet International, Inc; USA) for 1 minute to elute the DNA. After centrifugation, 
the column was discarded. The flow-throw containing DNA was collected in the 2 mL 
microcentrifuge tube. 
 
2.2.3.4 DNeasy Blood and Tissue (Method 4) 
The pellet was re-suspended in 180 μL buffer ATL. A volume of 20 μL proteinase K 
was added to the sample. The sample was then mixed by vortexing and incubated at 
56 °C for an hour. After incubation, the sample was vortexed for 15 seconds and 200 
μL each buffer AL and 100% ethanol respectively were added. The samples were 
mixed by vortexing. The sample mixture was transferred into the DNeasy mini spin 
column that was placed into a new 2 mL collection tube. The sample was centrifuged 
at 8 000 rpm for 1 minute using a Spectrafuge 24D centrifuge (Labnet International, 
Inc; USA). The flow-through and collection tube was discarded. The DNeasy mini 
spin column was placed into a new 2 mL collection tube. A volume of 500 μL buffer 
AW1 was added to the column and centrifuged at 8 000 rpm (Spectrafuge 24D 
centrifuge) for one minute. After centrifugation, the flow-through and collection tube 
was discarded. The DNeasy mini spin column was placed into a new 2 mL 
microcentrifuge tube and 200 μL buffer AE was directly added onto the DNeasy 
membrane. The sample was incubated at room temperature for one minute and then 
centrifuged for one minute at 8 000 rpm (Spectrafuge 24D centrifuge) to elute DNA.  
 
2.2.3.5 EzWay Genomic DNA (Method 5) 
Supernatant in the microcentrifuge tube was discarded and the pellet re-suspended in 
200 μL cell suspension buffer by vortexing. Two microlitre of RNase A solution was 
added to the sample and incubated for 2 minutes at room temperature. A volume of 
400 μL lysis buffer and 20 μL of proteinase K were added to the sample and the 
sample mixed by vortexing. The sample was incubated for 15 minutes at 65 °C. A 
DNA-prep column was placed into a new a 2 mL collection tube. The sample was 
transferred into the DNA-prep column. The sample was centrifuged for 1 minute at 
13000 rpm using a Spectrafuge 24D centrifuge (Labnet International, Inc; USA) and 
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the flow-through discarded. DNA-prep column was washed by adding 500 μL of 
wash buffer. The sample was centrifuged at 13000 rpm for 2 minutes using a 
Spectrafuge 24D centrifuge (Labnet International, Inc; USA) and the flow-through 
discarded. The column was centrifuged for an additional 2 minutes at 13000 rpm 
(Spectrafuge 24D centrifuge). A DNA-prep column was placed into a new 1.5 mL 
microcentrifuge tube. DNA was eluted by adding 100 μL of pre-warmed (up to 55 °C) 
elution buffer into the column. The sample was incubated for 5 minutes, and then 
centrifuged for 1 minute. After centrifugation, the column was discarded. The flow-
throw containing DNA was collected in the 1.5 mL microcentrifuge tube. 
  
2.2.3.6 Nucleospin Tissue (Method 6) 
The pellet was re-suspended in 180 μl buffer T1 by pipetting up and down. A volume 
of 25 μL proteinase K was added to the sample and incubated at 56 °C for one hour. 
After incubation, 20 μL RNase solution was added to the sample and incubated for 5 
minutes at room temperature. The sample was vortexed and 200 μL buffer B3 was 
added. The sample was vortexed and incubated at 70 °C for 10 minutes. A volume of 
210 μL ethanol (100%) was added to the sample and mixed by vortexing. For each 
sample, one nucleospin tissue column was placed into a collection tube. The sample 
was transferred into the column and centrifuged for 1 minute at 11900 rpm 
(Spectrafuge 24D centrifuge, Labnet International, Inc; USA). The collection tube 
with flow-throw was discarded and the column placed in a new collection tube. A 
volume of 500 μL buffer BW was added and centrifuged for 1 minute at 11900 rmp 
(Spectrafuge 24D centrifuge, Labnet International, Inc; USA). The collection tube 
with flow-throw was discarded and the column placed in a new collection tube. A 
volume of 600 μL buffer B5 was added to the column and centrifuged for 1 minute at 
11900 rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA). The flow-
through was discarded and the column placed back into the collection tube. The 
column was centrifuged for 1 minute at 11900 rpm (Spectrafuge 24D centrifuge, 
Labnet International, Inc; USA). The nucleoSpin Tissue column was placed into a 
new 1.5 mL microcentrifuge tube and 100 μL buffer BE added. The sample was 
incubated at room temperature for 1 minute and then centrifuged for 1 minute at 
11900 rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA) after which 
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the column was discarded. The flow-throw containing DNA was collected in the 1.5 
mL microcentrifuge tube. 
 
2.2.3.7 In-house DNA extraction (Method 7) 
The columns used for DNA extractions were prepared as described by Borodina et al. 
(2003). Briefly, the cap of a 0.5 mL microfuge tube (Sigma-Aldrich, Germany) was 
severed leaving a small “tail” (Figure 2.1). Two holes were punctured in the bottom of 
the tube with a red-hot inoculation needle. Silica membranes were cut out from GF/F 
borosilicate glass fibre paper (Whatman, England) and two membranes were inserted 
tightly into the tube. For loading and washing, the column was placed inside a 
reusable 2 mL microfuge tube (Sigma-Aldrich, Germany) and for DNA elution; it was 
placed inside a 1.5 mL microfuge tube (Sigma-Aldrich, Germany). 
 
Figure 2.1 Preparation of Homemade spin columns. Original tube (1) used for the 
experiments; severing the cap leaving the small tail and making the holes (2); 
sequential steps of the filter insertion (3-5) (Taken from Borodina et al. 2003). 
 
An adapted version of the protocol described by Boom et al. (1990) was used for the 
extraction of DNA from bacterial isolates. This method entails centrifugation (13300 
rpm, 60 seconds) of 2 ml of Nutrient broth culture using a Spectrafuge 24D centrifuge 
(Labnet International, Inc; USA). The resulting bacterial pellet was re-suspended in 
700 μL of lysis buffer followed by incubation at 70 °C for 10 minutes. A volume of 
250 μL 100% (v/v) ethanol was added to this mixture and further incubated at 56 °C 
for 10 minutes. After incubation, 50 μL of the celite solution was added followed by 
incubation at room temperature for 10 minutes (with occasional mixing of the 
mixture). A clean, sterile spin column (see Figure 2.1) was placed inside a sterile 2 
mL microcentrifuge tube. Approximately 500 μL of the lysis mixture was loaded into 
the column followed by centrifugation at 13300 rpm (Spectrafuge 24D centrifuge, 
Labnet International, Inc; USA) for 30 seconds to separate the buffer from the celite. 
This was repeated until all of the lysis mixture was loaded into the column. The 
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column was washed twice by adding 400 μL wash buffer followed by centrifugation 
at 13300 rpm for 30 seconds (Spectrafuge 24D centrifuge, Labnet International, Inc; 
USA). This was followed by two more wash steps using 400 μL of a 70% (v/v) 
ethanol solution followed by a last centrifugation step at 13300 rpm for 2 minutes 
(Spectrafuge 24D centrifuge, Labnet International, Inc; USA) to ensure that all 
ethanol was removed from the column. The column was transferred into a clean, 
sterile 1.5 mL microcentrifuge tube and 100 μL elution buffer (AE buffer; Qiagen, 
Germany) was added to the column followed by incubation at 56 °C for 2 minutes. To 
elute the DNA from the celite, the column was centrifuged for 2 minutes at 13300 
rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA) after which the 
column was discarded. The AE buffer containing DNA was collected in the 1.5 mL 
microcentrifuge tube. 
 
2.2.3.8 Rapid Boiled lysate (Method 8)  
The pellet was re-suspended in 100 µL PCR grade water and vortexed for 30 seconds. 
Bacterial cells were lysed by heating the suspension for 10 minutes at 100 °C. After 
heating, the tube was centrifuged at 13300 rpm (Spectrafuge 24D centrifuge, Labnet 
International, Inc; USA) for 5 minutes to remove cellular debris. The supernatant 
containing the bacterial DNA was immediately used in subsequent PCR reactions and 
DNA quantifications, or was stored at -20 °C for later use. 
 
2.2.4  Cost 
The cost per extraction was calculated for all methods by dividing the cost by the 
number of extractions that could be performed with the kit (see Table 2.4).  
 
2.2.5  DNA Quantification 
Extracted DNA was quantified using the Qubit Quantification Platform Fluorometer 
(Invitrogen; USA). A tube was prepared with 20 μL extracted DNA and 180 μL of 
working solution (Quant-iT buffer and Quant-iT reagent). The tubes were vortexed 
and incubated for 2-3 minutes before analysis. The reading obtained from the 
fluorometer (μg/m) was multiplied with the sample volume to calculate the DNA 
concentration of the sample. 
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2.2.6  PCR amplification 
Conventional multiplex PCR (m-PCR) assay and a singleplex real-time PCR assay 
were used to amplify target genes listed in Table 2.2 and Table 2.3 from the extracted 
DNA. The multiplex PCR was done using 2 μL of the extracted DNA from each of 
the DNA extraction methods. The m-PCR was designed to amplify the E. coli mdh 
gene, Salmonella IpaB gene, Vibrio cholerae sodB gene, and Ial and IpaH genes 
present in entero-invasive E. coli and Shigella spp. The m-PCR was performed as 
described by Mieta et al. (2010) and will be referred to as the genus specific m-PCR 
(gm-PCR).  
 
Primers for gm-PCR were obtained from Whitehead Scientific and are shown in Table 
2.2. PCR reactions were performed in a Biorad Mycycler™ Thermal cycler in a 20 μL 
reaction mixture that consisted of 1 X QIAGEN multiplex PCR master mix (Qiagen, 
Germany). The reaction mixture also consisted of 100 pmol of each primer, 2 μL of 
the DNA template and PCR grade water. To create a positive control, 2 μL of a V. 
cholerae O1, entero-invasive E. coli (EIEC), S. dysenteriae and S. typhimurium DNA 
mixture was included. To create a negative control template DNA was excluded. 
 
Table 2.2 Primers used for the genus specific multiplex PCR. 
Pathogen Primer Sequences (5’ – 3’) Size Reference 
E. coli 
mdh-F ACTGAAACGCAAACAGCCAAG 
392 Hsu and Tsen (2001) 
mdh-R CGTTCTGTTCAAATGCGCTCAGG 
Shigella and 
EIEC 
Lal-F GGTATGATGATGATGAGTGGC 
630 
Paton and Paton 
(1998) Lal-R GGAGGCCAACAATTATTTCC 
IpaH-F CCTTGACCGCCTTTCCGATA 
606 Kong et al. (2002) 
IpaH-R CAGCCACCCTCTGAGGTACT 
Salmonella 
IpaB-F GGACTTTTTAAAACGGGCGG 
314 Kong et al. (2002) 
IpaB-R GCCTCTCCCAGAGCCGTCTGG 
V. cholerae 
SodB-F AAGACCTCAACTGGCGGTA 
248 Tarr et al. (2007) 
sodB-R GAAGTGTTAGTGATCGCCAGAGT 
 
Amplified DNA was analysed in a horizontal agarose slab gel [2.5% (weight/vol)] 
containing ethidium bromide (0.5 μg/mL) in TAE buffer (40 mM Tris-acetate; 2 mM 
EDTA, pH8.3). The agarose gel was electrophoresed for 1 to 2 hours at 80 to100 V. 
The DNA was visualised with Ultraviolet (UV) light (Gene Genius Bio Imaging 
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System, Vacutec®). The relative sizes of the DNA fragments were estimated by 
comparing the size of detected bands with 100 bp markers (Fermentas O’ GeneRuler 
DNA ladder; Canada). 
 
Entero-pathogenic E. coli real-time PCR assay targeting the eaeA gene described by 
Iijima et al. (2007) was used with minor modifications. Real-time PCR amplification 
was carried out on the Corbett Research Thermal cycler (Celtic Molecular Diagnostic 
(PTY) LTD) using the Qiagen HotStarTaq DNA polymerase kit. Briefly, each 
reaction mixture (20 μL) consisted of 1x Qiagen® PCR buffer mix, 0.025 unit/μl 
HotStartTaq® DNA polymerase, 300 μM dNTP mix, 100 μM probe, 250 μM forward 
and reverse primer and 3 μL of sample DNA. Primers and a probe were obtained from 
Whitehead Scientific and are shown in Table 2.3. Reactions were run under the 
following conditions: 95 °C for 15 minutes, followed by 35 cycles of 94 °C for 15 
seconds and 60 °C for 60 seconds. 
 
Table 2.3 Primers and probe used for EPEC real-time PCR assay. 
Pathogen Primer Sequences (5’ – 3’) Reference 
EPEC 
eaeA-F TGTTGCTTTGTTTAATTCTGATAAGC 
Iijima et al. (2007) eaeA-R CGTTCTGTTCAAATGCGCTCAGG 
eaeA-P GGAATCGGAGTATAGTTTACACCAA 
 
2.2.7  Efforts to minimize variation introduced by other factors than the 
extraction procedures 
To limit the effect of methodological inconsistencies, all extractions were performed 
for all eight DNA extraction methods on the same samples. Storage conditions for 
DNA elutes were 2-8 °C for 48 hours and at -20 °C for longer period of time. DNA 
extracts from all the experiments were analysed in the same gm-PCR, real-time PCR 
run and on the same agarose gel to minimize the variation introduced by the analysis 
system. 
 
2.2.8  Statistical analysis 
The obtained data were subjected to descriptive statistical analysis (95 % confident 
limit). The general linearized model (GLM) of SAS was used to generate analysis of 
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Least Square means and Least square probability comparison (SAS version 9.4m, 
SAS Institute, Cary, NC). 
 
2.3 RESULTS AND DISCUSSION 
PCR has now become a commonly used method for detection of water bacterial 
pathogens. Use of PCR for detection of water bacterial pathogen DNA can be flawed 
owing to the quality and purity of the DNA sample (Gibson et al. 2012; Oikarinen et 
al. 2009). Bacterial DNA recoveries from pure cultures and spiked Klip River water 
samples of eight DNA extraction methods were assessed. Escherichia coli, V. 
cholerae, S. typhimurium and S. dysenteriae were cultured overnight on Nutrient 
broth and their DNA extracted using the eight DNA extraction methods. The 
extracted DNA was quantified using the Qubit Quantification Platform Fluorometer 
(Invitrogen; USA). The DNA yields were compared statistically using Least Squares 
Means (95 % confident limit). 
 
Table 2.4 Least Squares Means of DNA yields (μg/mL) of bacterial cultures.  
Method E. coli S. dysenteriae V. cholerae S. typhimurium 
Genomic DNA purification (M1) 4.38 145.70 59.83 145.70 
Wizard Genomic DNA purification (M2) 292.30 4273.50 9287.50 4273.50 
Genelute bacterial genomic DNA (M3) 1598.23 1382.67 2075.50 1382.67 
Dneasy Blood and Tissue (M4) 2475.92 7406.67 7210.00 7406.67 
EzWay Genomic DNA (M5) 1920.42 5495.00 3621.67 5495.00 
Nucleospin Tissue (M6) 2195.19 6462.50 11265.00 6462.50 
In-house (M7) 3224.21 2792.50 3410.00 2792.50 
Rapid Boiling (M8) 914.92 1265.50 2367.17 1265.50 
  
All the methods were successful in extracting DNA from EIEC, V. cholerae, S. 
typhimurium and S. dysenteriae with varying DNA yields (Results not shown). 
According to Least Squares means, the method that generated the most amount of 
DNA for E. coli was the in-house method and Genomic DNA purification method 
yielded the list amount of DNA. Table 2.5 show the Least Squares means probability 
comparison of the method DNA yield for E. coli. DNA yields for the In-house method 
are statistically not different (P > 0.05) to DNA yields of Dneasy Blood and Tissue 
method and statistically different with DNA yields of all the other method for E. coli 
(P < 0.05).  
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Table 2.5 Probability comparison of DNA extraction yields (E. coli). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.6 Probability comparison of DNA extraction method (S. dysenteriae). 
  
Dneasy 
Blood 
and 
Tissue 
EzWay 
Genomic 
DNA 
Genelute 
bacterial 
genomic 
DNA 
Genomic 
DNA 
purification 
In-house 
Nucleospin 
Tissue 
Rapid 
Boiling 
Wizard 
Genomic 
DNA 
purification 
Dneasy Blood and Tissue 
 
0,857 0,0028 0,0002 0,039 0,9969 0,0022 0,3395 
EzWay Genomic DNA 
  
0,0893 0,0103 0,5233 0,9964 0,0742 0,9854 
Genelute bacterial genomic DNA 
   
0,9843 0,9675 0,017 1,0000 0,4389 
Genomic DNA purification 
    
0,5489 0,0016 0,9912 0,0872 
In-house 
     
0,1721 0,9506 0,9578 
Nucleospin Tissue 
      
0,0137 0,7544 
Rapid Boiling 
       
0,3893 
Wizard Genomic DNA purification                 
  
Dneasy 
Blood 
and 
Tissue 
EzWay 
Genomic 
DNA 
Genelute 
bacterial 
genomic 
DNA 
Genomic 
DNA 
purification 
In-house 
Nucleospin 
Tissue 
Rapid 
Boiling 
Wizard 
Genomic 
DNA 
purification 
Dneasy Blood and Tissue 
 
0,4324 0,0318 <0,0001 0,1092 0,9634 <0,0001 <0,0001 
EzWay Genomic DNA 
  
0,9254 <0,0001 0,0002 0,9674 0,0078 <0,0001 
Genelute bacterial genomic DNA 
   
<0,0001 <0,0001 0,3393 0,1859 0,0002 
Genomic DNA purification 
    
<0,0001 <0,0001 0,0225 0,9581 
In-house 
     
0,0059 <0,0001 <0,0001 
Nucleospin Tissue 
      
0,0002 <0,0001 
Rapid Boiling 
       
0,2876 
Wizard Genomic DNA purification                 
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Table 2.7 Probability comparison of DNA extraction yields (V. cholerae). 
  
Dneasy 
Blood 
and 
Tissue 
EzWay 
Genomic 
DNA 
Genelute 
bacterial 
genomic 
DNA 
Genomic 
DNA 
purification 
In-house 
Nucleospin 
Tissue 
Rapid 
Boiling 
Wizard 
Genomic 
DNA 
purification 
Dneasy Blood and Tissue 
 
0,1881 0,0147 0,0003 0,1393 0,0947 0,0251 0,7948 
EzWay Genomic DNA 
  
0,946 0,195 1,0000 <0,0001 0,9825 0,0053 
Genelute bacterial genomic DNA 
   
0,818 0,9753 <0,0001 1,0000 0,0002 
Genomic DNA purification 
    
0,2572 <0,0001 0,699 <0,0001 
In-house 
     
<0,0001 0,9941 0,0035 
Nucleospin Tissue 
      
<0,0001 0,8317 
Rapid Boiling 
       
0,0004 
Wizard Genomic DNA purification                 
 
 
Table 2.8 Probability comparison of DNA extraction yields (S. typhimurium). 
  
Dneasy 
Blood 
and 
Tissue 
EzWay 
Genomic 
DNA 
Genelute 
bacterial 
genomic 
DNA 
Genomic 
DNA 
purification 
In-house 
Nucleospin 
Tissue 
Rapid 
Boiling 
Wizard 
Genomic 
DNA 
purification 
Dneasy Blood and Tissue 
 
0,857 0,0028 0,0002 0,039 0,9969 0,0022 0,3395 
EzWay Genomic DNA 
  
0,0893 0,0103 0,5233 0,9964 0,0742 0,9854 
Genelute bacterial genomic DNA 
   
0,9843 0,9675 0,0017 1,0000 0,4389 
Genomic DNA purification 
    
0,5489 0,0016 0,9912 0,0872 
In-house 
     
0,1721 0,9506 0,9578 
Nucleospin Tissue 
      
0,0137 0,7544 
Rapid Boiling 
       
0,3893 
Wizard Genomic DNA purification          
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A method that generated the most amount of DNA for S. dysenteriae was the Dneasy 
Blood and Tissue DNA method and Genomic DNA purification method yielded the 
list amount of DNA. DNA yields for Genomic DNA purification method are 
statistically not different (P > 0.05) to DNA yield of EzWay Genomic DNA, 
Nucleospin Tissue and Wizard Genomic DNA purification (see Table 2.6). 
 
For V. cholerae, a method that generated the most amount of DNA was the 
Nucleospin Tissue method and Genomic DNA purification method yielded the list 
amount of DNA. Nucleospin Tissue method DNA yields are statistically not different 
(P > 0.05) to DNA yields of Dneasy Blood and Tissue method and Wizard Genomic 
DNA purification Method (see Table 2.7).  
 
A method that generated the most amount of DNA for S. typhimurium was the Dneasy 
Blood and Tissue method and Genomic DNA purification method yielded the list 
amount of DNA. DNA yields for Genomic DNA purification method are statistically 
not different (P > 0.05) to DNA yield of EzWay Genomic DNA, Nucleospin Tissue 
and Wizard Genomic DNA purification DNA extraction method (Table 2.8). 
 
To test whether extracted DNA from the pure cultures (E. coli, V. cholerae, S. 
typhimurium and S. dysenterae) is PCR amplifiable, the DNA was used as a template 
for the genus specific conventional m-PCR (gm-PCR). The gm-PCR primers are 
designed to amplify E. coli mdh gene, Salmonella IpaB gene, Vibrio cholerae sodB 
gene, and Ial and IpaH genes present in entero-invasive E. coli and Shigella species 
(Mieta et al. 2010). Except for DNA from Genomic DNA purification method, all 
DNA extracted from pure cultures with all the methods, produced successful PCR 
results (see Appendix A for gel electrophoresis pictures). The chemicals used with the 
Genomic DNA purification method could be inhibiting the PCR. It has been reported 
that phenol-chloroform extraction methods need clean up procedures to remove PCR 
inhibitors and “carry-over phenols that can inhibit PCR reactions” (Wilson and 
Carson, 2001).  
 
To test the extraction of bacterial DNA from complex water samples, Klip River 
water samples were filtered and enriched in BPW. After enrichment, 900 μL of the 
BPW culture was spiked with 100 μL overnight culture of EPEC and bacterial 
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genomic DNA was extracted with the eight DNA extraction methods. Table 2.9 show 
the Least Squares means probability comparison of the method DNA yield for BPW 
enrichment cultures.  
 
Table 2.9 Least Squares Means of DNA yield (μg/mL) of BPW culture.  
Method 
 Mean 
Genomic DNA purification (M1) 2 
Wizard Genomic DNA purification (M2) 273 
Genelute bacterial genomic DNA (M3) 554 
Dneasy Blood and Tissue (M4) 477 
EzWay Genomic DNA (M5) 128 
Nucleospin Tissue (M6) 1059 
In-house (M7) 421 
Rapid Boiling (M8) 569 
 
According to Least Squares means, the method that generated the most amount of 
DNA for BPW enrichment culture was the Nucleospin Tissue method and Genomic 
DNA purification method yielded the list amount of DNA. Table 2.10 show the Least 
Squares means probability comparison of the method DNA yield for BPW enrichment 
cultures. Nucleospin Tissue method DNA yields are statistically different (P > 0.05) 
to DNA yields of all the other methods (see Table 2.10).  
 
A real-time PCR protocol described by Iijima et al. (2007) targeting E. coli eaeA gene 
was used to determine whether the extracted DNA from BPW enrichments of river 
water samples were PCR amplifiable. All samples produced a successful real-time 
PCR results (see Table 2.11 and Appendix A for typical real-time PCR amplification 
run). Dneasy blood and tissue kit had the lowest average Ct (cycle threshold) values 
(Table 2.11) indicating the extraction of the highest concentration of PCR amplifiable 
DNA as compared to the other seven DNA extraction methods. An in-house DNA 
extraction method as well as rapid boiling method also had lower average Ct.   
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Table 2.10 Probability comparison of DNA extraction yields (BPW enrichment). 
 
  
Dneasy 
Blood 
and 
Tissue 
EzWay 
Genomic 
DNA 
Genelute 
bacterial 
genomic 
DNA 
Genomic 
DNA 
purification 
In-house 
Nucleospin 
Tissue 
Rapid 
Boiling 
Wizard 
Genomic 
DNA 
purification 
Dneasy Blood and Tissue 
 
0,0008 0,9711 <0,0001 0,9955 <0,0001 0,926 0,1575 
EzWay Genomic DNA 
  
<0,0001 0,7138 0,008 <0,0001 <0,0001 0,5543 
Genelute bacterial genomic DNA 
   
<0,0001 0,6619 <0,0001 1 0,0128 
Genomic DNA purification 
    
<0,0001 <0,0001 <0,0001 0,0177 
In-house 
     
<0,0001 0,5322 0,5337 
Nucleospin Tissue 
      
<0,0001 <0,0001 
Rapid Boiling 
       
0,0072 
Wizard Genomic DNA purification                 
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Table 2.11 Real-time PCR results, price per method and processing time.  
 
DNA extraction method 
 
 Real-time 
PCR (eaeA) 
  
 
Average Ct 
value 
Price per 
sample 
Processing 
time (h: min) 
Genomic DNA purification (M1)  27.41±0.20 R14.36  1:00 
Wizard Genomic DNA purification (M2)  14.80±0.23 R33.92  2:30 
Genelute Bacterial Genomic DNA (M3)  17.95±0.19 R17.70 1:30 
DNeasy Blood and Tissue (M4)  12.26±0.30 R60.42  1:30 
EzWay Genomic DNA (M5)  13.37±0.20 R86.19  0:45 
Nucleospin Tissue (M6)  14.07±0.18 R49.3 1:30 
In-house (M7)  12.92±0.22 R7.00  2:00 
Rapid Boiling (M8)  12.97±0.18 R2.00  0:20 
 
The large differences in the amounts of bacterial DNA recovered with the different DNA 
extraction methods and detected by PCR in this study highlight the importance of the extraction 
step in nucleic acid-based bacterial detection. For instance, there was almost a thousand-fold 
difference in DNA recovery levels between the Genomic DNA purification and Nucleospin 
Tissue methods applied to BPW enrichment cultures (see Table 2.11). Genomic DNA 
purification and Wizard Genomic DNA purification methods have the same salient features, 
however their DNA yields we found to be different for all bacterial strains and BPW cultures. 
The noticeable difference between Genomic DNA purification and Wizard Genomic DNA 
purification methods is inclusion of RNase-treatment; however, this may not be concluded to be 
the reason that cause the difference in DNA yield. 
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Method three to seven (see Table 2.1) salient futures include the use of lyses buffer and 
Proteinase K to lyse cells. The released nucleic acid is bound to silica gel membrane. The 
purified DNA on the membrane is eluted in the elution buffer. The in-house method (Method 
seven) does not have a Proteinase K step. DNA yield for method three to seven also varied 
significantly for the pure bacterial strains and BPW enrichment cultures. Boom et al. (1990), who 
isolated radioactively labelled DNA with silica particles, gave a possible explanation for these 
results. These authors reported that some DNA molecules failed to bind to silica particles, were 
lost during washing, or could not be eluted because of irreversible bonds. These and other yet 
unknown factors may explain the varying DNA yields found in this study. These variations 
cannot be attributed to the operators as the tests were performed in a serial manner using the same 
equipment at the same laboratory. 
 
Nucleospin Tissue method had the most amount of DNA for BPW enrichment culture however 
these DNA did not results in the lowest Ct value with real-time PCR analysis for EIEC. 
Lemarchand et al. (2005) reported an overestimation of extracted DNA that was not usable for 
microarray. The DNA was quantified by spectrophotometry at 260 nm absorbance.  
 
Although the analytical performance is the primary criterion in the choice for DNA extraction 
method, other aspects may also influence the final decision. These include, amongst others, cost 
and time to process a sample, flexibility and laboratory workflow (Schuurman et al. 2007). Total 
processing time and cost of the DNA extraction methods are summarized in Table 2.11. Rapid 
boiling method was the economic method at just R2-00 while EzWay™ Genomic DNA was the 
most expensive compared to the other DNA extraction methods. However, the cost of personnel 
was not included in this calculation. 
 
As shown in Table 2.11, Rapid boiling method had the shortest time to process a sample and 
Wizard® Genomic DNA purification had the longest time to process a sample. Genomic DNA 
purification, DNeasy Blood and Tissue and Nucleospin® Tissue methods required the user to 
supply various alcohols or other common reagents. All the protocols were easy to perform and 
used standard equipment commonly available in most laboratories. 
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Results of this study demonstrate that different DNA extraction methods may produce different 
yields of bacterial DNA. All but Genomic DNA purification method are well suited for the 
recovery of DNA from pure and BPW enriched cultures. The extracted DNA was amplifiable 
with the convention and Real-Time PCR. Because of the cost of rapid boiling method as well as 
the in-house DNA extraction method, a decision was taken to use them for subsequent 
experiments. 
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CHAPTER 3  
OPTIMISATION OF REAL-TIME PCR ASSAYS FOR THE DETECTION 
OF VIBRIO CHOLERAE  
 
3.1 INTRODUCTION 
Polymerase chain reaction (PCR) assays have increasingly become the recommended detection 
methods for bacterial pathogens including Vibrio cholerae. PCR assays are highly recommended 
because of their ability to not only detect V. cholerae but also characterize the detected bacteria 
based on toxigenicity, serogroup and biotypes (Kim et al. 2012). PCR assays are robust because 
they can detect bacterial pathogens from different sample types such as environmental, food and 
biological samples (Espinèira et al. 2010). Furthermore, PCR assays can detect bacterial 
pathogens with high efficiency, specificity and sensitivity and at low cost (Hossain et al. 2013).  
 
Conventional PCR and real-time PCR assays have been reported for the detection and 
identification of V. cholerae (López-Hernández et al. 2015; Mehrabadi et al. 2012; Mendes et al. 
2008; Sharma et al. 2006; Goel et al. 2005; Rivera et al. 2003; Nandi et al. 2000; Mendes et al. 
2008; Gubala and Proll, 2006; Gubala, 2006). Real-time PCR assays are favoured over 
conventional PCR assays because they are more sensitive, faster and have lower risk of cross 
contamination as compared with conventional PCR assays (Le Roux and van Blerk, 2011). With 
real-time PCR, the use of fluorescent probe rather than intercalating dyes such as SYBR Green is 
described to be more specific (Garrido-Maestu et al. 2015). 
 
Polymerase chain reaction assays necessitate the use of controls to authenticate and verify the 
accuracy of the results obtained (Rodríquez-Lazaro et al. 2004). PCR controls include internal 
and external controls (Ninove et al. 2011). External controls include positive and negative 
controls and both are amplified in parallel to the sample tubes (Ballagi-Pordák and Balak, 1996). 
A positive control consist of a PCR master mix and a positive nucleic acid template, while a 
negative control consist of a PCR master mix with no nucleic acid template (Epsy et al. 2006). 
External control assure the reliability of PCR master mix, instrumentation used and guarantee 
DNA cross-contamination has not occurred (Hoorfar et al. 2003).  
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An internal control involves the use of an assay that co-amply either a plasmid transcript, 
exogenous gene or a housekeeping gene in the same tube as a target nucleic acid assay 
(Rodríquez-Lazaro et al. 2004). The inclusion of an internal control in the test sample tube is to 
assure that the negative test sample results are not due to inhibition of nucleic acid amplification 
and detection (Nordstrom et al. 2007).  
 
Real-time PCR assay for detection and characterization of V. cholerae have been reported (Fykse 
et al. 2012; le Roux and van Blerk, 2011; Koskelaa et al. 2009; Huang et al. 2009; Gubala and 
Proll, 2006; Lyon, 2001). These methods all use external control only for validating PCR results. 
The few V. cholerae PCR assay that have reported the use of external and internal controls 
(Garrido-Maestu et al. 2015; Blackstone et al. 2007), are unable to monitor PCR inhibition from 
nucleic acid extraction to nucleic acid amplification and detection. An internal control used in 
these assays is exogenous nucleic acid target, which is added to each DNA sample along with 
specific primers (Messelhäusser et al. 2010). When introduced into an unprocessed water sample, 
an IC can also serve to monitor the reliability of the complete procedure of nucleic acid 
extraction amplification and PCR product detection (Rosenstraus et al. 2008; Murphy et al. 
2007). 
  
This chapter describes the optimisation of V. cholerae real-time multiplex PCR assays to include 
an internal process control for proper validation of results obtained. Specificity and sensitivity of 
the optimised PCR assays was determined and furthermore the optimised method was applied to 
environmental samples.    
 
3.2 METHODOLOGY 
 
3.2.1 Bacterial strains 
Bacterial strains used in this study are tabulated according to species in Table 3.1. The bacterial 
strains were obtained from the National Health Laboratory Services (NHLS) of South Africa, 
American Type Culture Collection (ATCC) and National Collection of Type Cultures (NCTC). 
All the bacterial strains were stored at -70 °C in MicrobankTM cryovials (Pro-Lab Diagnostics). 
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The strains were resuscitated on nutrient agar (Oxoid®) and nutrient broth at 37 °C for 18-24 
hours.  
 
Escherichia coli strain carrying a single genomic copy of the gfp (green fluorescent protein) gene 
from Aequorea victoria was used as a positive process control. The GFP-expressing strain of E. 
coli (BW31004) (designated E. coli-GFP) was obtained from the E. coli Genetic Stock Center, 
MCDB Department, Yale University. Escherichia coli-GFP was grown to log phase (OD520 
between 0.15 and 0.2) in nutrient broth. The number of log phase E. coli-GFP were estimated by 
serially diluting the culture and spread plating (in triplicates) onto nutrient agar. The number of 
colonies was counted after 18-24 hours incubation at 37 °C. The quantified E. coli-GFP was 
stored at -20 °C until further use. When analysing water samples with real-time PCR, E. coli-GFP 
was added to, each 1 mL enriched alkaline peptone water (APW) before nucleic acid extraction. 
The E. coli-GFP was added at 104 CFU (colony forming units) final concentration to the APW 
enrichments. 
 
Table 3.1 Bacterial strains used for the experimental work. 
Micro-organisms Source Micro-organisms Source 
Escherichia coli (Commensal) NHLS Shigella dysenteriae type 1 NHLS 
Enterohaemorrhagic E. coli NHLS Shigella flexneri NHLS 
Enterotoxigenic E. coli NHLS Shigella dysenteriae type 2 NHLS 
Enteroaggregative E. coli NHLS Shigella boydii serotype B NHLS 
Enteroinvasive E. coli NHLS Shigella sonnei NHLS 
Enteropathogenic E. coli NHLS Salmonella typhimurium NHLS 
Aeromonas veronii ATCC V. fluvialis NCTC 
Pseudomonas aeruginosa NHLS Salmonella enteritidis NHLS 
Klebsiella pneumonia NHLS Salmonella typhi NHLS 
Bacillus cereus NHLS Vibrio mimicus NHLS 
Bacillus subtilis NHLS Vibrio cholerae Ogawa NHLS 
Enterococcus faecium NHLS Salmonella paratyphi A NHLS 
Enterococcus faecalis NHLS V. furnissii NHLS 
Morganella morganni NHLS Salmonella gallanarum NHLS 
Vibrio cholerae non-O1 NHLS Vibrio cholerae O1 NCTC 
Vibrio  cholerae O139 NHLS Vibrio parahaemolyticus NHLS 
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3.2.2 Rapid Boiled lysate DNA extraction   
Two millilitre of overnight culture was transferred into a clean, sterile 2 mL microcentrifuge tube 
followed by centrifugation at 13300 rpm for 2 minutes (Spectrafuge 24D centrifuge, Labnet 
International, Inc; USA). After centrifugation, the supernatant was discarded and the pellet was 
re-suspended in 100 µL PCR grade water. Bacterial cells were lysed by heating the suspension 
for 10 minutes at 100 °C. After heating, the tube was centrifuged at 13300 rpm (Spectrafuge 24D 
centrifuge, Labnet International, Inc; USA) for 5 minutes to remove cellular debris. The 
supernatant containing the bacterial DNA was immediately used in subsequent PCR reactions or 
was stored at -20 °C for later use. 
 
3.2.3 Multiplex real-time PCR (m-PCR) assay  
Two duplex real-time PCR assays were optimised for the detection of toxigenic and non-
toxigenic V. cholerae (both O1 and O139 serotypes). The first duplex real-time PCR assay 
targeted the ctxA (cholera toxin) and hlyA (hemolysin, V. cholerae species specific) genes while 
the second duplex real-time PCR assay targeted the O1-rfb (V. cholerae O1) and O139-rfb (V. 
cholerae O139) genes. The two duplex real-time PCR assays were each multiplexed with the gfp 
assay, the latter serving to detect the E. coli-GFP added as a positive process internal control. The 
primers and TaqMan probes for the two real-time PCR were obtained from Integrated DNA 
Technologies (USA). According to the HANDS (Homo-Tag Assisted Non-Dimer System) 
principle, all of the primers had a common tag sequence at their 5’ ends that served as a universal 
primer binding site, and the tag was used as the universal primer (Huang et al. 2009).  
 
Real-time PCR reactions were performed using a Rotor-Gene Q thermal cycler (Qiagen, 
Germany) in a total reaction volume of 20 μL. For both the multiplex real-time PCR, each 
reaction consisted of 1X TaqMan Environmental Master mix 2.0 (Applied Biosystems, USA), 1.2 
μM universal primer identical to the common tag sequence (Table 3.2), 0.1–0.9 μM primer pairs 
specific for each gene target , 0.05 μM of each of the five differently labelled probes (Table 3.2) 
and 2 μL of template DNA. Reaction conditions consisted of an enzyme activation step at 95 °C 
for 10 minutes; 10 cycles of 95 °C for 10 seconds, 58 °C for 20 seconds (with a 1 °C decrease for 
each cycle) and 72 °C for 15 seconds; and 45 cycles of 95 °C for 10 seconds, 56 °C for 20 
seconds and 72 °C for 15 seconds. Positive, negative and no-template controls were used in every 
experiment. 
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Fluorescence was measured following the annealing step during the last 45 cycles. PCR products 
were detected by monitoring the increase in fluorescence of the reporter dye after each PCR 
cycle. Using the Rotor Gene Q software, the normalized fluorescence emitted from the relevant 
reporter dyes were plotted against the number of amplification cycles. The threshold cycle (Ct) 
values were determined, i.e. the PCR cycle number at which fluorescence increases above a 
defined threshold level.  
 
Table 3.2 Primers and probes used in the multiplex real-time PCR detection assays. 
Primers Sequence (5’ – 3’) Conc. 
(µM) 
size 
(bp) 
ctxA-F Tag-TCCGGAGCATAGAGCTTGGA 0.3 
120 ctxA-R Tag-TCGATGATCTTGGAGCATTCC 0.3 
ctxA-P FAM-AGCCGTGGATTCATCATGCACCGCCGGG-IOWA BLACK FQ 0.05 
hlyA-F Tag-CGCTTTATTGTTCGATGCGTTA 0.3 
141 hlyA-R Tag-ACTCGGTTATCGTCAGTTTGG 0.3 
hlyA-P 
TYE 665-CGATAATCTTGGGCAATCGCATCGGTTGACC-IOWA 
BLACK RQ 
0.05 
gfp-F Tag-CCTGTCCTTTTACCAGACAACCA 0.05 
77 gfp-R Tag-GGTCTCTCTTTTCGTTGGGATCT 0.05 
gfp-P HEX-TACCTGTCCACACAATCTGCCCTTTCG-IOWA BLACK FQ 0.05 
O1rfb-F Tag-CCAGATTGTAAAGCAGGATGGA 0.3 
203 O1rfb-R Tag-GGTCATCTGTAAGTACAAC 0.9 
O1rfb-P 
TYE 705-TGAGTTTGTAAGCCCACTACCGCATTCATATCC-IOWA 
BLACK RQ 
0.05 
O139rfb-F Tag-CATACCAACGCCCTTATCCATT 0.1 
160 O139rfb-R Tag-GCATGACTGGCATCCCAAAAT 0.1 
0139rfb-P 
TYE 665-CGGGTGTTATTGCTGTCTTTTCTCACGAGGG-IOWA 
BLACK RQ 
0.05 
Hands tag GCAAGCCCTCACGTAGCGAA 1.2   
 
For the V. cholerae target genes (ctxA, hlyA, O1-rfb and O139-rfb) Ct values greater than 40 were 
regarded as negative PCR detection while Ct values less than 40 were regarded as positive PCR 
detection (see appendix B for typical amplification curves). For the gfp component of the m-PCR 
assays, a mean Ct value of less than 32 was interpreted as no PCR inhibition (calculated from the 
mean Ct value obtained when adding 104 CFU E. coli-GFP cells to 1 ml APW broth), a mean Ct 
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value of greater than 40 cycles, as total inhibition of the PCR reaction and a mean Ct value of 
between 32.1 and 40 as partial inhibition (Ntema and Barnard, 2013).  
 
3.2.4 Specificity 
Specificity of the primers and TaqMan probes for the two multiplex real-time PCR assays was 
determined using the target and non-target bacteria listed in Table 3.1. Template DNA was 
prepared by the rapid boiling method from each of the bacteria listed in Table 3.1 and template 
subjected to the multiplex real-time PCRs. 
 
3.2.5 Standard curves for real-time PCR assays 
Template for generation of standard curves was prepared by growing log phase cultures of the 
ctxA positive V. cholerae O1 and V. cholerae O139 in APW. Ten-fold serial dilutions were 
prepared in sterile APW. Aliquots of each dilution were spread (in triplicates) onto nutrient agar 
plates and colonies were counted after 18-24 hours incubation at 35 °C. A 104 CFU E. coli-GFP 
strain was added to one millilitre of each dilution of the second aliquot. The E. coli-GFP spiked 
aliquot were boiled for 10 minutes and used as template in the real-time PCR assays. 
 
The standard curves were generated by plotting the log value of the calculated colony forming 
units (CFU) per reaction versus the Ct values. From these, the slope of the curve (y) and 
regression coefficients (R2) were calculated in order to estimate the efficiency of the PCR assays.  
 
3.2.6 Environmental sample analysis 
Treated sewage (15), dam (15), river (15) and tap water (15) samples were collected from various 
localities in Gauteng province, South Africa. A volume of 100 ml of each water sample was 
filtered through nitrocellulose membrane filters (0.45 µm pore size, 47 mm diameter; Millipore 
Corporation) and the membranes enriched in 100 ml APW broth for 16 hours at 36 °C. Following 
enrichment, 1 ml of the APW broth culture was taken from the surface (aerobic surface) and 
spiked with 104 CFU of E. coli-GFP. After spiking, template for the two multiplex real-time 
PCRs were prepared by the rapid boiling method and the prepared template was subjected to the 
multiplex real-time PCRs. All the APW broth cultures from the water samples tested negative for 
the naturally occurring V. cholerae, were spiked with 104, 103 and 102 CFU of ctxA-positive V. 
cholerae O1 and O139 and analysed using the two V. cholerae multiplex real-time PCR assays. 
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3.3 RESULTS AND DISCUSSION 
 
3.3.1 V. cholerae real-time multiplex PCR 
It is well known that V. cholerae strains that contain the cholera toxin are the causative agents of 
cholera (Neogi et al. 2010; Kaper et al. 1995). Commonly, cholera epidemics are linked with V. 
cholerae serotypes O1 and O139 containing cholera toxin; however, the non-O1 and non-O139 
serotypes containing cholera toxin have also been reported (Chakraborty et al. 2000; Sharma et 
al. 1998; Dalsgaard et al. 1995). It was vital for this study to adopt and optimise a real-time 
multiplex PCR assay that will detect and characterize V. cholerae.  A real-time multiplex PCR 
assay embraced in this study targeted the hlyA gene (V. cholerae species specific), O1-rfb and 
O139-rfb (V. cholerae O1 and O139 serogroup differentiation) and ctxA gene (cholera toxin) 
(Huang et al. 2009).  
 
For each of the four V. cholerae gene targets, a TaqMan probe was labelled with a specific 
fluorophore to be able to detect and distinguish the target genes in one PCR tube. During the PCR 
optimisation process, 0139-rfb probe was labelled with a different fluorophore (TYE 563) to 
allow multiplexing of all five assay than as shown in Table 3.2. The four V. cholerae target gene 
assays were assessed independently before being combined and assessed in a single real-time 
PCR multiplexed assay. The V. cholerae multiplex PCR assay with all four gene target did not 
maintain the same sensitivity as the individual PCR assays (results not shown). V. cholerae O139 
was out-competed by the other assays. The sensitivity was sustained when the four individual 
assays were separated in two duplex assays. The first V. cholerae duplex real-time PCR assay 
consisted of the ctxA (cholera toxin) and hlyA (V. cholerae species specific), and the second 
duplex had O1 and O139 rfb gene for V. cholerae serogroup differentiation.  
 
To be able to monitor PCR inhibition, a positive process internal control was incorporated into 
the two V. cholerae duplex real-time PCR assay. Sensitivity of the triplex real-time PCR assays 
was re-assessed and maintained the same as the duplex assays. Ballagi-Pordány and Belák (1996) 
recommended that an internal control have to be between 50–500 copies per PCR to prevent 
competition with the target assays. The internal control used in this study was within the 
recommended range at approximately 200 CFU per reaction after DNA extraction, assuming 
100% extraction efficiency. An E. coli-GFP strain was added (104 CFU per tube) into 1 mL APW 
CHAPTER 3 
 
51 
 
broth enriched samples and the gfp gene was detected by means of real-time PCR. The format of 
the internal process control used in this study allowed monitoring of inhibition from extraction of 
DNA to PCR product detection. A small number of studies have been reported that have 
incorporated internal controls with their V. cholerae real-time PCR assays (Blackstone et al. 
2007; Garrido-Maestu et al. 2015). These studies use exogenous internal controls that are added 
to PCR reaction tubes after DNA extractions. Internal controls used in this format are not able to 
monitor inhibition from DNA extraction to PCR product detection.   
 
Internal process control used in this study can be quantified therefore allowed an indication of 
partial and/or total inhibition. In this study, total inhibition of the PCR was indicated by Ct value 
of greater than 40 cycles and partial inhibition was indicated by Ct values between 32.1 and 40 
for the gfp assay. 
 
3.3.2 Specificity and sensitivity 
Specificity of the primers and TaqMan probes for two real-time PCR assays was determined by 
in vitro test using target and non-target bacteria listed in Table 3.1. All target strains (toxigenic 
and non-toxigenic V. cholerae strains and E. coli-GFP) were correctly identified with the in vitro 
test, and no false-positive results were obtained with all the non-target bacterial strains listed in 
Table 3.3. The gfp gene was detected only when an E. coli-GFP strain was added into the 
reaction tube. Amplification curves for specificity testing are shown in appendix B.  
 
Sensitivity of the two multiplex real-time PCR assays was assessed using both V. cholerae O1 
and O139 ctxA-positive strains. Samples were prepared through serial dilutions (10 fold) of 
bacterial cultures, which were heat lysed and 2 μL used per reaction. This resulted in a range of 
20 to 2 × 105 CFU as template per reaction. The minimum level of detection of all four targets 
(hlyA, ctxA, O1-rfb, O139-rfb) with the two multiplex assays corresponded to 20 CFU per 
reaction, which was equal to the sensitivity of the corresponding uniplex real-time PCR test (data 
not shown). Relative standard curves were constructed for all dilutions as shown in Figure 3.1.  
 
Figure 3.1 illustrates a close to optimum linear correlation between the Ct values and the number 
of heat lysed cells as indicated by the R2 values of 0.997, 0.996, 0.998, 0.993 for ctxA, hlyA, O1-
rfb and O139-rfb respectively, with and without the presence of the positive process control. 
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Table 3.3 Bacterial strains used for evaluating specificity of real-time PCR assays. 
Microorganisms Source 
m-PCR 1 m-PCR2 
ctxA hlyA gfp O1-rfb O139-rfb gfp 
V. cholerae O1  
NCTC 
5941 ₊ ₊ ₋ ₊ ₋ ₋ 
V. cholerae O139 NHLS ₊ ₊ ₋ ₋ ₊ ₋ 
V. cholera 
NCTC 
471 ₋ ₊ ₋ ₋ ₋ ₋ 
V. cholerae non-O1 NHLS ₋ ₊ ₋ ₋ ₋ ₋ 
E. coli BW31004 
Yale 
university ₋ ₋ ₊ ₋ ₋ ₊ 
E. coli BW31003 
Yale 
university ₋ ₋ ₊ ₋ ₋ ₊ 
V. parahaemolyticus  
NCTC 
10903 ₋ ₋ ₋ ₋ ₋ ₋ 
V. parahaemolyticus NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Vibrio fluvialis  
NCTC 
11218 ₋ ₋ ₋ ₋ ₋ ₋ 
V. mimicus NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
V. furnissii NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella Paratyphi 
A 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella Enteritidis NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella 
Typhimurium  
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella Paratyphi NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella Gollinarum NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Salmonella Typhi   NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Escherichia coli 
commensal 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Entero-pathogenic E. 
coli 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Entero-invasive E. coli NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Entero-toxigenic E. 
coli 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Entero-aggregative E. 
coli 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
entero-haemorrhagic E. 
coli 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Klebsiella pneumonia NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Shigella dysenteriae NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Shigella boydii NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Shigella sonnei NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Shigella flexneri  NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Bacellus cereus NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Bacillus subtills  NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Aeromonas veronii  
ATCC 
9071 ₋ ₋ ₋ ₋ ₋ ₋ 
Pseudomonas 
aeruginosa 
NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
Morganella morganni NHLS ₋ ₋ ₋ ₋ ₋ ₋ 
+, amplification detected, -, No amplification detected 
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Figure 3.1 Example of standard curves of the two triplex real-time PCR reactions illustrating the 
linear relationship between the log10 values derived from ten-fold serial dilutions of bacterial cell 
numbers versus cycle threshold values. A (ctxA and hlyA), B (O1-rfb and O139-rfb).    , ctxA, y 
=3.354, r2 = 0.997;    , hlyA, y = 3.335, r2 = 0.996;     ,O1-rfb, y = 3.402, r2 = 0.998;    ,O139-rfb, 
y = 3.333, r2 = 0.993.  
 
Amplification curves for sensitivity testing are shown in appendix C. Sensitivity testing was 
performed in triplicates and concordant results were obtained. The V. cholerae multiplex real-
time PCR assays described here were designed for presence and absence only, however, these 
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curves can potentially be used for relative quantification purposes or for estimation of unknown 
quantities of bacterial cells added to the assays. 
 
3.3.3 Environmental sample analysis 
A total of 60 (Fifteen each of dam, sewage, tap and river) water samples were analysed for V. 
cholerae using the two optimised triplex real-time PCR assays. The results shown in Table 3.4 
(non-spiked samples) indicate the absence of naturally occurring V. cholerae and E. coli-GFP in 
the 60 analysed water samples. All the controls including the positive process control where 
correctly amplified confirming the accuracy of the results of the environmental water samples.  
 
Table 3.4 Application of the V. cholerae triplex real-time PCR assays to spiked environmental 
water samples. 
 
Real-time PCR 1 
V. cholerae LOD: 20 
CFU/reaction 
 
E. coli-GFP positive process control LOD: 200 
CFU/reaction 
Sample 
source 
non-
spiked 
samples 
 
ctxA hlyA  
No inhibition 
or loss of 
sensitivity 
Loss of 
sensitivity 
Inhibition 
Sewage -  + +  + - - 
River -  + +  + - - 
Dam -  + +  + - - 
Tap -  + +  + - - 
 
 Real-time PCR 2 
 
V. cholerae LOD: 20 
CFU/reaction 
 
E. coli-GFP Positive process control LOD: 200 
CFU/reaction 
Sample 
source 
non-
spiked 
samples 
 O1-rfb O139-rfb  
No inhibition 
or loss of 
sensitivity 
Loss of 
sensitivity 
Inhibition 
Sewage -  + +  + - - 
River -  + +  + - - 
Dam -  + +  + - - 
Tap -  + +  + - - 
LOD, limit of detection; +, specific amplified product detected; -, no amplified product detected. 
 
All 60 environmental samples were spiked with V. cholerae O1 and O139 (103 CFU and 104 
CFU for each of the two strains) and the E. coli-GFP (104 CFU) as a positive process control. The 
spiked samples resulted with a detection limit of 20 CFU and 200 CFU for V. cholerae and E. 
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coli-GFP respectively per reaction tube (Table 3.4). All the target genes were amplified without 
being inhibited as indicated by the amplification of the gfp assay (Table 3.4). The detection limit 
obtained with environmental samples was consistent with the detection limit obtained when PCR 
was done with pure cultures (20 CFU per reaction; please see section 3.3.2). The results shown in 
Table 3.4 indicate real-time PCR combined with APW enrichment step is a robust approach for 
monitoring V. cholerae from environmental water samples. The inclusion of all the controls for 
real-time PCR including a positive process control assures confidence in the results obtained.  
 
A real-time multiplex PCR assay that is able to distinguish O1 and O139 strains from non-O1, 
non-O139 strains and to determine whether the bacteria detected have the potential to produce 
cholera toxin was adopted and optimised. The multiplex real-time PCR assay was optimised to 
include a positive process control (E. coli-GFP) resulting in two triplex multiplex real-time 
assays. The usefulness of these assay was confirmed with their application on sewage, river, dam 
and tap water for the detection and identification of the target organisms. This assay detected all 
V. cholerae serogroups of interest, with as little as 20 CFU per reaction. 
 
This study demonstrated the utility of an E. coli-GFP internal control used in conjunction with 
PCR assays for the detection of V. cholerae in APW enrichment broth. This work demonstrate 
that a nucleic acid preparation technique and sensitive, specific PCR assays should be combined 
with a positive process internal control, to provide a reliable strategy for the application of PCR 
for the detection of bacterial pathogens in enrichment broths inoculated with environmental water 
samples. The control strategies such as those described here are important tools for the 
interpretation of PCR assays by improving the reliability of the detection of pathogens in water 
samples. 
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CHAPTER 4  
INVESTIGATING THE OCCURRENCE AND SURVIVAL OF VIBRIO 
CHOLERAE IN MSUNDUZI RIVER IN THE KWAZULU-NATAL 
PROVINCE OF SOUTH AFRICA 
 
4.1 INTRODUCTION 
In Africa including South Africa, there has been a rapid increase in population resulting in the 
“establishment of human settlements lacking appropriate sanitary infrastructure” (Karikari et 
al. 2007; Drechsel et al. 2006). Some of the human settlements are situated along the 
riverbanks for easy access to water. Presence of microbial pathogens in river water pose the 
risk to public health protection. The WHO (2014) estimates that there are 842 000 deaths per 
year attributable to unsafe water supply, sanitation and hygiene.  
 
Toxigenic strains of V. cholerae serogroups O1 and O139 have been linked with epidemic 
cholera (Keimer et al. 2007). Non-pathogenic V. cholerae non-O1 and non-O139 are 
commonly isolated from environmental samples and have been reported capable of “taking-
up” pathogenic genes “through acquiring plasmids, bacteriophages, and integrons from the 
environment” (Zhang et al. 2006). 
 
The spread of the cholera disease is facilitated by water, with two key paths of transmission 
being reported (Bertuzzo et al. 2010). The first path occurs from a natural reservoir of 
pathogens in the aquatic environment to the human hosts. The second path is from ingestion 
of faecal contaminated water or food (Miller et al. 1985). 
 
Vibrio cholerae is a known inhabitant of aquatic environments and its persistence in the 
environment is influenced by the accessibility of substrates, variations in physicochemical 
factors and the quantity of biotic and abiotic hosts (Colwell, 2004; Caldini et al. 1997). The 
association of V. cholerae, with phytoplankton and zooplankton has been studied extensively 
(Huq et al. 1983, 1984, 1990; Tamplin et al. 1990). Vibrio cholerae colonizing plankton can 
be associated with an increased resistance to various stresses, including low temperatures 
(Amako et al. 1987) and low pH levels (Nalin et al. 1979). It is possible that V. cholerae cells 
that have colonized the plankton become resistant to ecological factors such as change in 
temperatures, pH, or other physicochemical conditions (Watnick and Kolter, 1999). This 
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could have important consequences such as an extended survival period in the aquatic 
environment. 
 
An understanding of the occurrence and survival of V. cholerae in the environment would 
contribute towards effectively monitoring water bodies for the presence of V. cholerae. This 
could assist in the early detection of cholera outbreaks giving local municipalities and water 
boards in South Africa the opportunity to put measures in place to prepare and even prevent 
possible outbreaks. 
 
4.2 METHODOLOGY 
 
4.2.1  Bacterial strains  
The bacterial strains used for quality control for this study (Table 4.1) were obtained from the 
National Health Laboratory Services (NHLS, South Africa) and Yale University (New Haven, 
Connecticut, United States of America) and stored at –70°C in MicrobankTM_cryovials (Pro-
Lab Diagnostics, Ontario, Canada). Strains were resuscitated on nutrient agar (Oxoid®, U.K) 
or in nutrient broth (Oxoid®, U.K) at 37°C.   
 
Table 4.1 Bacterial strains used for all experimental work. 
Micro-organisms Source 
E. coli BW31004 Yale University  
Vibrio cholerae O1 NCTC 
Vibrio cholerae O139 NHLS 
Vibrio cholerae non-O1 NHLS 
Vibrio parahaemolyticus NHLS 
Escherichia coli (Commensal) NHLS 
Enterohaemorrhagic E. coli (EHEC) NHLS 
Enterotoxigenic E. coli (ETEC) NHLS 
Enteroaggregative E. coli (EAEC) NHLS 
Enteroinvasive E. coli (EIEC) NHLS 
Enteropathogenic E. coli (EPEC) NHLS 
Pseudomonas aeruginosa NHLS 
Klebsiella pneumonia NHLS 
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4.2.2  DNA extraction methods for the isolation of bacterial DNA 
DNA extractions were performed following two methods. The first method used was an in-
house DNA extraction method and the second method used was a rapid boil method. The in-
house DNA extraction method and rapid boiling method were performed as described below.  
 
4.2.2.1 In-house DNA extraction method  
The columns used for DNA extractions were prepared as described by Borodina et al. (2003). 
Briefly, the cap of a 0.5 mL microfuge tube (Sigma-Aldrich, Germany) was severed leaving a 
small “tail” (Figure 2.1). Two holes were punctured in the bottom of the tube with a red-hot 
inoculation needle. Silica membranes were cut out from GF/F borosilicate glass fibre paper 
(Whatman, England) and two membranes were inserted tightly into the tube. For loading and 
washing, the column was placed inside a reusable 2 mL microfuge tube (Sigma-Aldrich, 
Germany) and for DNA elution; it was placed inside a 1.5 mL microfuge tube (Sigma-
Aldrich, Germany). 
 
Figure 4.1 Preparation of Homemade spin columns. Original tube (1) used for the 
experiments; severing the cap leaving the small tail and making the holes (2); sequential steps 
of the filter insertion (3-5) (Taken from Borodina et al. 2003). 
 
An adapted version of the protocol described by Boom et al. (1990) was used for the 
extraction of DNA from bacterial isolates. This method entails the centrifugation (13 300 rpm, 
60 seconds) of 2 ml of Nutrient broth culture using a Spectrafuge 24D centrifuge (Labnet 
International, Inc; USA). The resulting bacterial pellet was re-suspended in 700 μL of lysis 
buffer followed by incubation at 70 °C for 10 minutes. A volume of 250 μL 100% (v/v) 
ethanol was added to this mixture and further incubated at 56 °C for 10 minutes. After 
incubation, 50 μL of the celite solution was added followed by incubation at room 
temperature for 10 minutes (with occasional mixing of the mixture). A clean, sterile spin 
column (see Figure 2.1) was placed inside a sterile 2 mL microcentrifuge tube. Approximately 
500 μL of the lysis mixture was loaded into the column followed by centrifugation at 13 300 
rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA) for 30 seconds to separate 
the buffer from the celite. This was repeated until all of the lysis mixture was loaded into the 
CHAPTER 4 
 
 59 
column. The column was washed twice by adding 400 μL wash buffer followed by 
centrifugation at 13 300 rpm for 30 seconds (Spectrafuge 24D centrifuge, Labnet 
International, Inc; USA). This was followed by two more wash steps using 400 μL of a 70% 
(v/v) ethanol solution followed by a last centrifugation step at 13 300 rpm for 2 minutes 
(Spectrafuge 24D centrifuge, Labnet International, Inc; USA) to ensure that all ethanol was 
removed from the column. The column was transferred into a clean, sterile 1.5 mL 
microcentrifuge tube and 100 μL elution buffer (AE buffer; Qiagen, Germany) was added to 
the column followed by incubation at 56 °C for 2 minutes. To elute the DNA from the celite, 
the column was centrifuged for 2 minutes at 13 300 rpm (Spectrafuge 24D centrifuge, Labnet 
International, Inc; USA) after which the column was discarded. The AE buffer containing 
DNA was collected in the 1.5 mL microcentrifuge tube. 
 
4.2.2.2 Rapid Boiled lysate method 
Two millilitre of overnight-culture was transferred into a clean, sterile 2 mL microcentrifuge 
tube followed by centrifugation at 13 300 rpm for 2 minutes (Spectrafuge 24D centrifuge, 
Labnet International, Inc; USA). After centrifugation, the supernatant was discarded. The 
pellet was re-suspended in 100 µL PCR grade water and vortexed for 30 seconds. Bacterial 
cells were lysed by heating the suspension for 10 minutes at 100 °C. After heating, the tube 
was centrifuged at 13 300 rpm (Spectrafuge 24D centrifuge, Labnet International, Inc; USA) 
for 5 minutes to remove cellular debris. The supernatant containing the bacterial DNA was 
immediately used in subsequent PCR reactions and DNA quantifications, or was stored at -20 
°C for later use. 
 
4.2.3 Vibrio cholerae Multiplex real-time PCR (m-PCR) assay  
Two duplex real-time PCR assays were optimised for the detection of toxigenic and non-
toxigenic V. cholerae (both O1 and O139 serotypes). The first duplex real-time PCR assay 
targeted the ctxA (cholera toxin) and hlyA (hemolysin, V. cholerae species specific) genes 
while the second duplex real-time PCR assay targeted the O1-rfb (V. cholerae O1) and O139-
rfb (V. cholerae O139) genes. The two duplex real-time PCR assays were each multi-plexed 
with the gfp assay, the latter serving to detect the E. coli-GFP added as a positive process 
internal control. The primers and TaqMan probes for the two real-time PCR were obtained 
from Integrated DNA Technologies (U.S). According to the HANDS (Homo-Tag Assisted 
Non-Dimer System) principle, all of the primers had a common tag sequence at their 5’ ends 
that served as a universal primer binding site, and the tag was used as the universal primer 
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(Huang et al. 2009). To enable simultaneous detection, each of the TaqMan probes were 
labelled with a different fluorophore as shown in Table 4.2. 
 
Table 4.2 Primers and probes used for multiplex real-time PCR detection assays. 
Primers Sequence (5’ – 3’) Conc. 
(µM) 
Gene 
size 
(bp) 
ctxA-F Tag-TCCGGAGCATAGAGCTTGGA 0.3 
120 ctxA-R Tag-TCGATGATCTTGGAGCATTCC 0.3 
ctxA-P FAM-AGCCGTGGATTCATCATGCACCGCCGGG-IOWA BLACK FQ 0.05 
hlyA-F Tag-CGCTTTATTGTTCGATGCGTTA 0.3 
141 hlyA-R Tag-ACTCGGTTATCGTCAGTTTGG 0.3 
hlyA-P 
TYE 665-CGATAATCTTGGGCAATCGCATCGGTTGACC-IOWA 
BLACK RQ 
0.05 
gfp-F Tag-CCTGTCCTTTTACCAGACAACCA 0.05 
77 gfp-R Tag-GGTCTCTCTTTTCGTTGGGATCT 0.05 
gfp-P HEX-TACCTGTCCACACAATCTGCCCTTTCG-IOWA BLACK FQ 0.05 
O1rfb-F Tag-CCAGATTGTAAAGCAGGATGGA 0.3 
203 O1rfb-R Tag-GGTCATCTGTAAGTACAAC 0.9 
O1rfb-P 
TYE 705-TGAGTTTGTAAGCCCACTACCGCATTCATATCC-IOWA 
BLACK RQ 
0.05 
O139rfb-F Tag-CATACCAACGCCCTTATCCATT 0.1 
160 O139rfb-R Tag-GCATGACTGGCATCCCAAAAT 0.1 
0139rfb-P 
TYE 665-CGGGTGTTATTGCTGTCTTTTCTCACGAGGG-IOWA 
BLACK RQ 
0.05 
Hands tag GCAAGCCCTCACGTAGCGAA 1.2   
 
Real-time PCR reactions were performed using a Rotor-Gene Q thermal cycler (Qiagen, 
Germany) in a total reaction volume of 20 μL. For both the multiplex real-time PCR, each 
reaction consisted of 1X TaqMan Environmental Master mix 2.0 (Applied Biosystems, USA), 
1.2 μM universal primer identical to the common tag sequence (Table 3.2), 0.1–0.9 μM 
primer pairs specific for each gene target , 0.05 μM of each of the five differently labelled 
probes (Table 4.2) and 2 μL of template DNA. Reaction conditions consisted of an enzyme 
activation step at 95 °C for 10 minutes; 10 cycles of 95 °C for 10 seconds, 58 °C for 20 
seconds (with a 1 °C decrease for each cycle) and 72 °C for 15 seconds; and 45 cycles of 95 
°C for 10 seconds, 56 °C for 20 seconds and 72 °C for 15 seconds. Positive, negative and no-
template controls were used in every experiment. 
 
Fluorescence was measured following the annealing step during the last 45 cycles. PCR 
products were detected by monitoring the increase in fluorescence of the reporter dye after 
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each PCR cycle. Using the Rotor Gene Q software, the normalized fluorescence emitted from 
the relevant reporter dyes were plotted against the number of amplification cycles. The 
threshold cycle (Ct) values were determined, i.e. the PCR cycle number at which fluorescence 
increases above a defined threshold level.  
 
For the V. cholerae target genes (ctxA, hlyA, O1-rfb and O139-rfb) Ct values greater than 40 
were regarded as negative PCR detection while Ct values less than 40 were regarded as 
positive PCR detection (see appendix B for typical amplification curves). For the gfp 
component of the m-PCR assays, a mean Ct value of less than 32 was interpreted as no PCR 
inhibition (calculated from the mean Ct value obtained when adding 104 CFU E. coli-GFP 
cells to 1 mL APW broth), a mean Ct value of greater than 40 cycles, as total inhibition of the 
PCR reaction and a mean Ct value of between 32.1 and 40 as partial inhibition (Ntema and 
Barnard, 2013).  
 
4.2.4 Study area 
Msunduzi River (Figure 4.2) is a river in Msunduzi local municipality of Umgungundlovu 
District Municipality, KwaZulu-Natal, South Africa. Msunduzi local municipality includes 
the city of Pietermaritzburg, which is the capital of the KwaZulu-Natal province and the main 
economic hub of Umgungundlovu District Municipality. A portion of the Msunduzi River 
within the city of Pietermaritzburg has been dammed by weirs, and is used for canoeing and 
rowing practice. The Dusi Canoe Marathon is an annual canoe marathon from 
Pietermaritzburg to Durban, which starts on the Msunduzi River, and ends on the Umgeni 
River. The race attracts around 2 000 paddlers and receives national media coverage in South 
Africa. Populations of Msunduzi municipality use Msunduzi River for recreational, traditional 
and religious purposes.   
 
4.2.5 Sampling and analysis 
The occurrence and distribution of V. cholerae from zooplankton, phytoplankton, amoeba, 
invertebrates, cow dung, sediments and water from Msunduzi River was determined. The 
global positioning system coordinates for all sample points are shown in Table 4.3.  
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Figure 4.2 Map of the Msunduzi municipality showing Msunduzi River sampling points. 
1. Emaswazini, 2. Magwenyane, 3. Kobongwaneni, 4. Shange Bridge, 5. Smero, 6. Herwood 
Bridge, 7. Plessislaer, 8. Makro, 9. Promed Road, 10. Grimthorpe. 
 
Table 4.3 Msunduzi River sampling points. 
Sample point 
name 
GPS coordinates 
First Geographical 
coordinate 
Second 
Geographical 
coordinate 
Emaswazini S29°39.395' E030°05.963 
Grimthorpe S29°39.094' E030°26.814 
Herwood Bridge S29°38.543' E030°19.400 
Kobongwaneni S29°40.937' E030°10.814 
Magwenyane S29°41.214' E030°10.171 
Makro S29°37.323' E030°22.613 
Plessislaer S29°38.029' E030°20.361 
Promed Road S29°36.122' E030°24.782 
Shange Bridge S29°39.943' E030°13.429 
Smero S29°39.853' E030°17.522 
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Samples were collected monthly between October 2012 and December 2013 except January 
2013. From each sample point, zooplankton, phytoplankton, amoeba, invertebrates, cow 
dung, sediments and water samples were collect.  A total of 556 samples consisting of 
zooplankton (n = 100), phytoplankton (n = 100), amoeba (n = 50), invertebrates (n = 28), cow 
dung (n = 18), sediments (n = 120) and water (n = 140) were collected over the 14 month of 
sampling.  Table 4.4 shows the total number of samples collected from each sampling point.  
 
Table 4.4: Total samples collected per sample site for all sample types. 
Sample Name 
Number of samples 
Zooplankt
on 
Phytoplan
kton 
Amoeba Cow dung 
Invertebra
tes 
Sediments Water 
Emaswazini 10 10 5 1 0 12 14 
Grimthorpe 10 10 5 1 0 12 14 
Herwood Bridge 10 10 5 2 2 12 14 
Kobongwaneni 10 10 5 4 2 12 14 
Magwenyane 10 10 5 6 9 12 14 
Makro 10 10 5 0 6 12 14 
Plessislaer 10 10 5 1 0 12 14 
Promed Road 10 10 5 0 0 12 14 
Shange Bridge 10 10 5 3 1 12 14 
Smero 10 10 5 0 8 12 14 
Total 100 100 50 18 28 120 140 
 
4.2.5.1 Zooplankton and Phytoplankton samples 
Zooplankton (n = 100) and phytoplankton (n = 100) samples were collected by filtering 100 L 
of river water through a plankton net [mesh size 64 µm for zooplankton and 20 µm for 
phytoplankton] (Alam et al. 2006). Triplicate portions of the concentrated samples of 
plankton (2 mL) were homogenized using a tissue disruptor (Disruptor gene, Scientific 
Industries Inc, USA) in 2 mL microfuge tubes containing glass beads (0.1 mm, 
BioSpecProducts, USA). The homogenates were combined and enriched in 100 mL APW.  A 
2 mL APW enrichment culture was spiked with E. coli-GFP at 104 CFU (colony forming 
units) final concentration to the APW enrichments. DNA was extracted from the APW 
enriched culture as described in section 4.2.3.2. The extracted DNA was used as a template 
for the multiplex real-time PCR assays as described in section 4.2.4.   
 
Part of the plankton samples (64 µm and 20 µm fractions) were transferred to 100 mL brown 
(to limit the penetration of light) plastic bottles containing 2 mL of formaldehyde (for 
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preservation). These preserved plankton samples were used for zooplankton and 
phytoplankton identification purposes using standard procedures (APHA, 2005). 
 
4.2.5.2 Sediments samples 
Sediments samples (n = 120) were collected using a core sampler and transported to the 
laboratory in sterile 250 mL glass bottles. One hundred millilitres of sterile, distilled water 
was added to 1g of sediment sample. The samples were mixed and allowed to settle. A 10 mL 
aliquot of the slurry was centrifuged at 2 000 rpm for 8 minutes (Neofuge 15R centrifuge, 
Shanghai Lishen Scientific equipment co. Ltd, China) at room temperature to remove 
particulate matter. A 2 mL aliquot of the slurry was enriched in 100 mL APW broth. A 2 mL 
APW enrichment culture was spiked with E. coli-GFP at 104 CFU final concentration to the 
APW enrichments. DNA was extracted from the APW enriched culture as described in 
section 4.2.3.2. The extracted DNA was used as a template for the multiplex real-time PCR 
assays as described in section 4.2.4. 
 
4.2.5.3 Macro invertebrate’s samples  
Macro invertebrates (n = 28) were sampled from stones and aquatic vegetation biotopes of the 
river monitored (See Table 4.3 for sampling sites were macro invertebrates samples were 
collected). The stone biotope was sampled by rolling the stones over and bumping against 
each other to dislodge macro invertebrates. A sampling net (mesh size 1 mm) was placed near 
stones to be rolled over, in a position where the current would carry the dislodged organisms 
downstream into the net. Aquatic vegetation was sampled by sweeping the sampling net 
within the aquatic vegetation and pushing against and through the vegetation to dislodge any 
organisms. A combination of short lateral sweeps with vertical lifts aided in dislodging and 
catching the suspended organisms. After sampling, invertebrates were transferred into 
sampling bottles for analysis of V. cholerae. A portion of the sampled organisms was 
preserved in 70% ethanol for taxonomical identification following standard procedures 
(APHA, 2005). 
 
In the laboratory, sampled invertebrates were placed in 100 ml mL APW broth for enrichment 
of invertebrates attached bacteria. A 2 mL APW enrichment culture was spiked with E. coli-
GFP at 104 CFU final concentration to the APW enrichments. DNA was extracted from the 
APW enriched culture as described in section 4.2.3.2. The extracted DNA was used as a 
template for the multiplex real-time PCR assays as described in section 4.2.4. 
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4.2.5.4 Cow dung samples 
Cow dung samples (n = 18) were collected aseptically from the riverbeds and stored in sterile 
urine containers before transportation (samples were placed in cooler a box with ice) to the 
laboratory (See Table 4.3 for sampling sites were cow dung samples were collected). 
Analyses were performed on the same day the samples were collected. Approximately 1g of 
each of the stool samples was suspended in 10 mL phosphate buffered saline and 
homogenised by vortexing. Any debris not dissolved where removed by centrifugation at 13 
000 rpm for 30 seconds (Spectrafuge 24D, Labnet International Inc, USA) after which 500 μL 
of the supernatant was used for enrichment in 100 mL APW (Keshav et al. 2010). A 2 mL 
APW enrichment culture was spiked with E. coli-GFP at 104 CFU final concentration to the 
APW enrichments. DNA was extracted from the APW enriched culture as described in 
section 4.2.3.2. The extracted DNA was used as a template for the multiplex real-time PCR 
assays as described in section 4.2.4. 
 
4.2.5.5 Detection of V. cholerae resistant to Amoeba  
 
4.2.5.5.1  Amoebal enrichment 
For amoebal enrichment, a colony of E. coli (ATCC 25922) was inoculated onto a Nutrient 
agar plate and incubated at 37°C. Once growth was obtained, plates were stored (at 4°C) and 
sub-cultured onto Nutrient agar every two weeks. When needed, the E. coli culture was 
recovered with a sterile swab, suspended in sterile, distilled water and heat killed by boiling. 
Three drops of the heat killed E. coli suspension was inoculated onto non-nutrient agar plate 
and spread evenly across the whole surface with a sterile swab. Two nutrient agar plates were 
also inoculated with this suspension and incubated overnight at 37°C to ensure that no 
organisms were viable in the suspension used to prepare the non-nutrient agar-E coli plates. 
 
4.2.5.5.2  Detection of V. cholerae from cultured amoebae 
Water samples (n = 50) from the Msunduzi River were collected aseptically in clean, sterile 
one litre plastic bottles and stored in ice-cold cooler boxes on route to the laboratory . All 
samples were analysed on the day of collection (APHA, 2005). One hundred millilitres of 
each water sample was filtered through a nitrocellulose membrane filter (0.45 µm pore size, 
47 mm diameter; Millipore Corporation, USA). The filters were placed upside down on fresh 
non-nutrient agar-E. coli plates. Three drops of Page’s modified Neff’s amoeba saline (PAS) 
were added to the non-nutrient agar-E. coli plates to assist the growth of amoebae present in 
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the samples. The plates were left at room temperature for 10 minutes to settle and were 
subsequently incubated at 33°C (aerobically) in plastic bags to avoid desiccation. The plates 
were checked daily using a light microscope with a 10 x objective (Olympus, USA) for the 
morphological appearance of amoebal trophozoites and cysts. Plates without growth were re-
incubated for at least 3 weeks before reporting a negative result. 
 
Plates containing amoebae were sub-cultured by aseptically cutting small agar plugs from the 
areas on the plate where active amoebae were observed. The agar plugs were placed upside 
down on fresh non-nutrient agar-E. coli plates with 3 drops of PAS. The plates were left at 
room temperature for 10 minutes to settle, then again incubated at 33°C. After one to three 
sub-cultures, the amoebae present in the samples were harvested by gently scraping the agar 
surface, followed by suspension in 2 mL PAS and subsequent wash steps (three times) by 
centrifugation at 3300 rpm (Spectrafuge 24D, Labnet International Inc, USA) for 15 minutes. 
A volume of 100 µL of the resulting pellet was inoculated into a 24 well, flat bottomed 
microtitre plate (Nunc, USA) with 1 mL PAS and incubated at 33°C for 48 hours. The wells 
were examined using an inverted microscope with a 40 x objective (Leica, USA) for the 
morphological appearance of amoebal trophozoites and cysts containing intracellular bacteria, 
or alternatively for wells containing disintegrated amoebal cells. 
 
Wells containing intracellular bacteria or disrupted amoebal cells were considered 
presumptively positive for amoeba resistant bacteria. The PAS solution from these wells was 
removed, the amoebae were gently removed from the bottom and sides of the wells, washed 
three times by centrifugation at 3400 rpm (Spectrafuge 24D, Labnet International Inc, USA) 
for 10 minutes to remove extra cellular bacteria and Gram stained using standard procedures. 
This was to detect intracellular, Gram-negative bacteria with typical V. cholerae morphology. 
Specimens were inoculated onto APW and incubated at 37°C overnight. A 2 mL APW 
enrichment culture was spiked with E. coli-GFP at 104 CFU final concentration to the APW 
enrichments. DNA was extracted from the APW enriched culture as described in section 
4.2.3.2. The extracted DNA was used as a template for the multiplex real-time PCR assays as 
described in section 4.2.4. 
 
4.2.5.6 Water sampling and analysis using enrichment and non-enrichment PCR 
A total of 140 water samples were collected in 1 L sampling bottles and stored in ice-cold 
cooler boxes on route to the laboratory. The water samples were analysed following three 
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approaches as shown in Figure 4.3. The first approach was an enrichment probe-based real-
time PCR method, which was conducted at the Water and Health Research Centre (WHRC), 
University of Johannesburg, South Africa. All water samples (140) were analysed with this 
approach as described in section 4.2.5.6.1. The second approach was an enrichment high-
resolution melt (HRM) curve real-time PCR method (Le Roux and Van Blerk, 2011). For this 
approach, the PCR assay was performed at East Rand Water Care Company (ERWAT) 
laboratory (South Africa). Only 109 of the 140 samples were analysed following the 
enrichment HRM real-time PCR approach. The HRM real-time PCR assay was used to 
compare and validate the results obtained with the probe-based real-time PCR assays. The 
enrichment HRM real-time PCR method is detailed in section 4.2.5.6.2. The third approach 
was a non-enrichment probe-based real-time PCR method, conducted at WHRC, University 
of Johannesburg, South Africa. Only 109 of 140 samples were analysed following the non-
enrichment probe-based real-time PCR approach. The third approach was used to evaluate V. 
cholerae detection without APW pre-enrichment. The non-enrichment probe-based real-time 
PCR method is described in section 4.2.5.6.3.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Flow diagram illustrating sample analyses procedures. 
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4.2.5.6.1 Enrichment probe-based real-time PCR detection (WHRC) 
Water samples were concentrated by filtration through a 0.45 μm-pore-size bacteriological 
membrane (Millipore, USA). The membranes were placed in 100 mL APW broth for 
enrichment of V. cholerae. A 2 mL APW enrichment culture was spiked with E. coli-GFP at 
104 CFU final concentration to the APW enrichments. DNA was extracted from the APW 
enriched culture as described in section 4.2.2.1. The extracted DNA was used as a template 
for the multiplex real-time PCR assays as described in section 4.2.4. 
 
4.2.5.6.2  Enrichment HRM real-time PCR detection (ERWAT) 
A high-resolution melt (HRM) real-time PCR assay for the detection of toxigenic Vibrio 
cholerae was used as described by Le Roux and van Blerk, (2011). These analyses were 
performed by the East Rand Waste Water Care (ERWAT) PCR laboratory. Primers used in 
the HRM real-time PCR assay specifically targeted the ompW (V. cholerae species-specific 
gene) and ctxAB (cholera toxin) genes (Goel et al. 2005; Nandi et al. 2000). Primer nucleotide 
sequences with their expected amplicon sizes are shown in Table 4.5.  
 
Real-time PCR reactions were performed in either 0.2 mL or 0.1 mL thin walled tubes in a 
total reaction volume of 25 µL. Amplification was performed in a RotorGene® 6000 2-plex 
rotary thermal cycler with HRM capability (Qiagen, Germany).  Each reaction consisted of 
1X SensiMix HRM (Bioline, UK) reaction buffer containing dNTPs, MgCl2, a heat activated 
DNA polymerase and EvaGreen dye, to which 0.2 μM of each primer, nuclease free water 
(Applied Biosystems, USA) and 5 µL genomic DNA serving as template was added. 
 
Table 4.5 Oligonucleotide primers used for the HRM real-time PCR assay. 
Target 
gene 
Sequence (5’ – 3’) Conc. (µM) Gene size (bp) 
ompW 
CACCAAGAAGGTGATTTTATTGTG 0.2 
588 
GAACTTATAACCACCCGCG 0.2 
ctxAB 
CCTGTCCTTTTACCAGACAACCA 0.2 
564 
GGTCTCTCTTTTCGTTGGGATCT 0.2 
  
Cycling conditions were as follow; polymerase activation step at 95°C for 10 minutes 
followed by 45 cycles of DNA denaturation at 95°C for 30 seconds, annealing at 64°C for 30 
seconds and extension at 72°C for 30 seconds. A final extension step was performed at 72°C 
for 5 minutes following cycling. For the differentiation and identification of the resulting 
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amplification products, HRM curve analysis was performed by lowering the temperature to 
60°C for 5 minutes and a subsequent increase to 90°C in increments of 0.1°C per second. 
Fluorescence was measured continuously and the Tm peaks were calculated based on the 
initial fluorescence curve (F/T) by plotting the negative derivative of fluorescence over 
temperature versus temperature (-dF/dT versus T). Positive, no template and reagent blank 
controls were used in each experiment. 
 
Genomic DNA was extracted from bacteria using the InstaGene™ matrix commercial kit (Bio 
Rad, U.S.) following the manufacturer’s instructions. Briefly, 2 mL of enriched bacteria 
(APW) were concentrated by centrifugation at 13 000 rpm (Spectrafuge 24D, Labnet 
International Inc, USA) for 5 minutes. The resulting pellet was re-suspended in 100 μL of 
InstaGene™ matrix and incubated at 56°C for 25 minutes. Following incubation, the 
suspension was vortexed at high speed for 10 seconds and further incubated at 100°C for 10 
minutes. After incubation, the suspension was vortexed at 13 300 rpm for 10 seconds and 
centrifuged for 2 minutes at 12 000 rpm (Spectrafuge 24D, Labnet International Inc, USA). 
Five microliters of the resulting supernatant was used as template in HRM real-time PCR 
analyses. 
 
4.2.5.6.3  Non-enrichment real-time PCR detection 
One hundred millilitres of each water sample were centrifuged at 8 000 rpm for 8 minutes 
using Neofuge 15R centrifuge. After centrifuging, supernatant was discarded and the pellet 
resuspended in 1 mL PCR grade water. The bacteria suspended in PCR grade water was 
treated with propidium monoazide (PMA) as described in Section 4.2.5.6.4. After PMA 
treatment, samples were spiked with E. coli-GFP and bacterial DNA extracted as described in 
section 4.2.3.1. Extracted DNA was used as template in the m-PCR analyses as described in 
section 4.2.4.  
 
4.2.5.6.4 PMA treatment 
Treatment of bacterial cells was conducted as described by Nocker et al. (2007). Light 
transparent 1.5 mL microcentrifuge tubes were used for PMA treatment. Phenanthridium, 3-
amino-8-azide-5-[3-(diethylmethylammonio) propyl]-6-phyenyl dichlororide (PMA, Biotium, 
US) was dissolved in 20% dimethyl sulfoxide to create a stock concentration of 20 mM. The 
prepared 20 mM solution was protected from light and stored at -20°C.  A volume of 5 μL 
PMA was added to 1 mL culture aliquots to final concentration of 50 μM. Following an 
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incubation period of 5 minutes in the dark with occasional mixing, samples were light 
exposed for 5 minutes using a 650 W halogen light source. Samples tubes were laid 
horizontally on ice (to avoid excessive heating), placed about 20 cm from the light source. 
Occasional shaking was performed to promote homogeneous light exposure. After photo-
induced cross-linking (light exposure), cells were centrifuged at 13 300 for 5 minutes 
(Spectrafuge 24D, Labnet International Inc, USA) followed by DNA extraction as described 
in section 4.2.3.1. 
 
4.2.6 Escherichia coli and total coliforms enumeration and extraction of their DNA 
Escherichia coli and total coliforms were simultaneously enumerated using the Colilert® and 
Quanti-tray®/2000 commercial kit (IDEXX, USA). The manufacturer’s instructions was 
followed and Quanti-tray®/2000 wells turning yellow were regarded as positive for total 
coliforms. Quanti-tray®/2000 wells turning yellow and fluorescent under UV (366 nm) 
exposure were regarded as E. coli positive. A total of 2 mL of the media was removed from 
up to ten positive E. coli wells of the Colilert Quanti-Trays/2000 with sterile 1 mL Neomedic 
disposable syringes with mounted needle (Kendon Medical Supplies) and aliquoted into 2 mL 
sterile eppendorf tubes. The tubes were centrifuged for 2 minutes at 13300 rpm to pellet the 
cells and the supernatant discarded. DNA was extracted from the collected bacterial cells 
following a protocol described in section 4.2.3.2. The extracted DNA was used as a template 
for m-PCR assay as described below (Section 4.2.6.1). Commensal E. coli and Klebsiella 
pneumoniae strains (Table 4.1) were used as positive controls for Colilert® Quanti-
Trays®/2000. Pseudomonas aeruginosa (Table 4.1) was used as negative control for Colilert® 
Quanti-Trays®/2000. 
 
4.2.6.1 M-PCR assay for the detection of pathogenic E. coli 
A multiplex PCR assay for the detection of EPEC, EHEC, EIEC, ETEC and EAEC was used 
to evaluate E. coli positive Quanti-Tray’s (Omar and Barnard, 2014). Information regarding 
the primers used is listed in Table 4.6. All m-PCR reactions were performed in a Biorad 
MycyclerTM thermal cycler in a total reaction volume of 20 µL. A hotstart multiplex PCR kit 
(Qiagen®, Germany) was used for the m-PCR protocol. Each reaction consisted of 1X 
Qiagen® PCR multiplex mix (containing HotstartTaq® DNA polymerase, multiplex PCR 
buffer and dNTP mix); 2 µL of the primer mixture [0.1 µM of mdh and lt primers [Forward 
(F) and reverse (R)], 0.2 µM of ial, eagg primers, astA primers, bfp primers and gapdh 
primers (F and R), 0.3 µM of eaeA and stx2 primers (F and R), 0.5 µM of stx1 and st primers 
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[F and R (Table 4.6)]; 2 µL of sample DNA, 1 µL of gapdh cDNA and 5 µL PCR grade 
water. The reactions were subjected to an initial activation step at 95ºC for 15 minutes, 
followed by 35 cycles consisting of denaturing at 94ºC for 45 seconds, annealing at 55ºC for 
45 seconds, extension at 68ºC for 2 minutes and final elongation at 72ºC for 5 minutes.  
 
Table 4.6 Oligonucleotide primers used for the E. coli m-PCR assay. 
 
 
Primer Sequence(5’-3’) 
Gene 
size 
(bp) 
Conc. 
µM 
Reference 
E .coli 
mdh (F) GGTATGGATCGTTCCGACCT 
304 0.1 Tarr et al. (2002) 
mdh (R) GGCAGAATGGTAACACCAGAG T 
EIEC 
ial (F) GGTATGATGATGATGAGTGGC 
650 0.2 
López-Saucedo et al. 
(2003) 
ial (R) GGAGGCCAACAATTATTTCC 
EHEC/ 
Atypical 
EPEC 
eaeA (F) CTGAACGGCGATTAC GCGAA 
917 0.3 Aranda et al. (2004) 
eaeA (R) GACGATACGATCCAG  
Typical EPEC 
bfpA (F) 
AATGGTGCTTGCGCTTGCTGC 
 
550 0.3 
Aranda et al. (2004) 
bfpM (R) 
TATTAACACCGTAGCCTTTCGCTGAAG 
ACCT 
Omar and Barnard 2017 
EAEC 
eagg (F) AGACTCTGGCGAAAGACTGTATC 
194 0.2 Pass et al. (2000) 
eagg (R) ATGGCTGTCTGTAATAGATGAGAAC 
EHEC 
stx1(F) ACACTGGATGATCTCAGTGG 
614 0.5 Moses et al. (2006) 
stx1(R) CTGAATCCCCCTCCATTATG 
stx2 (F) CCATGACAACGGACAGCAGTT 
779 0.3 Moses et al. (2006) 
stx2 (R) CCTGTCAACTGAGCACTTTG 
ETEC 
lt (F) GGCGACAGATTATACCGTGC 
360 0.1 Pass et al. (2000) 
lt (R) CGG TCT CTA TAT TCC CTG TT 
st (F) TTTCCCCTCTTTTAGTCAGTCAACTG 
160 0.5 Pass et al. (2000) 
st (R) GGCAGGATTACAACAAAGTTCACA 
E. coli toxin 
asta(F) GCCATCAACACAGTATATCC 
106 0.3 Kimata et al. (2005) 
asta (R) GAGTGACGGCTTTGTAGTC 
Internal 
control 
gapdh 
(F) 
GAGTCAACGGATTTGGTCGT 
238 0.3 Mbene et al. (2009) 
gapdh 
(R) 
TTGATTTTGGAGGGATCTCG 
 
DNA was visualised using a 2.5% (w/v) agarose gel in TAE buffer (40 mmol l-1 Tris acetate; 
2 mmol l-1 EDTA, pH 8.3) with 0.5µg mL-1 ethidium bromide. Electrophoresis was done for 
1–2 hours in electric field strength of 8 V cm-1 gel and the DNA visualized with UV light 
(Syngene, UK). This procedure was followed for all the experiments except where stated 
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differently. The relative sizes of the DNA fragments were estimated by comparing their 
electrophoretic mobility with that of the standards run with the samples on each gel, either a 1 
kB or 100 bp markers (Fermentas, US). Commensal and pathogenic E. coli listed in Table 4.1 
were used as positive controls for the multiplex PCR assay. Klebsiella pneumoniae and 
Pseudomonas aeruginosa (Table 4.1) were used as the negative controls for multiplex PCR 
assay. 
 
4.2.7 Physico-chemical properties 
Temperature, pH and conductivity of water samples were measured on site during sampling 
using a HI 98129 waterproof tester (Hanna Instruments Inc, USA). The salinity of water 
samples was determined using the obtained temperature and conductivity values. The 
turbidity of water samples was measured in the laboratory using a Eutech TN-100 turbidity 
meter (Eutech Instruments, Singapore). 
 
4.2.8 Statistical analysis 
Nonparametric Analysis of variance (ANOVA) was used for the analysis of the physico-
chemical and enteric bacteria data. Multivariate analysis of multiple predictors and an 
individual dependent variable was conducted; logistic regression was used to test the 
relationship between a set of abiotic and biotic predictor variables and the frequency of Vibrio 
cholerae isolation per season per sample type. A stepwise selection process was used, in 
which variables were entered in turn into the model. Variables remained in the model only if 
they were significant at each step, when a new variable was added. Four analysis were done 
and they corresponded to the occurrence of V. cholerae non-O1/non-O139 in 63 µm net 
samples, 20 µm net samples, sediments samples and water fraction (free-floating) samples per 
season. Statistical analyses were performed using SAS enterprise guide 7.1 (SAS Institute, 
Cary, NC). Throughout the analysis, a difference was considered statistically significant if the 
P value was less than 0.05. 
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1  Comparison of enrichment and non-enrichment real-time PCR detection assays 
The results discussed in this section are for the 109 water samples analysed by the three 
approaches; enrichment probe-based real-time PCR detection assay, enrichment HRM real-
time PCR detection assay and non-enrichment probe-based real-time PCR detection assay. 
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The results for all 140 samples analysed by enrichment probe-based real-time PCR detection 
assay are discussed in Section 4.3.5. 
 
As indicated in Table 4.7, APW enrichment real-time PCR detection assays used by both the 
WHRC and ERWAT laboratories detected planktonic V. cholerae non-O1/O139 with higher 
percentages compared to non-enrichment real-time PCR assay. The probe-based real-time 
PCR assay and HRM real-time PCR assays detected V. cholerae in the same samples. The 
process internal control (probe-based assay) showed no inhibition or loss of sensitivity of the 
enrichment as well as non-enrichment real-time PCR assay. The use of an internal process 
control ensured credibility of negative results.  
 
The results presented in Table 4.7 indicate that enrichment in APW increased the sensitivity 
of the detection assays. Ntema et al. (2010) observed a similar trend were V. cholerae was 
detected more frequently when samples were enriched in APW as oppposed direct detection 
without enrichment.  This may be attributed to the fact that enrichment allowed for the 
multiplication of Vibrio cholerae bacteria present in the water samples, increasing their 
numbers and subsequently the ability to detect them.  These results are consistent with 
observation reported by Chomvarin et al. (2007). The authors reported increased detection 
efficiency of PCR assays when samples were enriched before PCR as opposed to samples 
without enrichment before PCR. 
 
Table 4.7 Detection of V. cholerae non-O1/O139 using culture dependent and culture 
independent PCR assays. The percentages are shown in brackets. 
Method N (Water samples) 
N (V. cholerae positive 
sample) 
Enrichment probe-based real-time PCR detection 
(WHRC) 
109 74 (68) 
Enrichment HRM real-time PCR detection 
(ERWAT) 
109 74 (68) 
Non-enrichment probe-based real-time PCR 
detection (WHRC) 
109 28 (26) 
 
4.3.2 Enteric bacteria 
Colilert® Quanti-Tray/2000 (IDEXX, US) was used to detect and enumerate total coliform 
and E. coli from Msuduzi River. Total coliform and E. coli were detected with varying counts 
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from all the samples (see Appendix D: Total coliform and E. coli counts per sampling point). 
Figure 4.4 shows averages of total coliform and E. coli counts per sample point. Figure 4.5 
depict average seasonal occurance of total coliform and E. coli counts. Total coliform counts 
were between 102 and 107 cfu/100 mL and E. coli counts were between 102 and 105 cfu/100 
mL. Table 4.8 shows the results of Kruskal-Wallis test for the determination of season 
comparison of total coliform and E. coli count per sample point.  
 
According to Kruskal-Wallis test results, seasonal comparisons of total coliform and E. coli 
counts per sample point were not statistically significantly different (Pr > 0.05) for all sample 
points except for Herwood bridge (Total coliform, Pr < 0.05) and Shange bridge (Total 
coliform and E. coli, Pr < 0.05). 
 
The presence of total coliform and E. coli throughout the year indicate continues faecal 
contamination of the river water. The presence of E. coli indicate the possible presence of 
other enteric pathogens that could also cause infections (Figueras and Borrego, 2010). 
 
Table 4.8 Seasonal variation of E. coli and total coliform counts.  
Sample  
E. coli Total coliforms 
Chi-Square Pr >= Chi-
Square 
Chi-Square Pr >= Chi-
Square 
Emaswazini 2,82 0,46 5.49 0.13 
Grimthorpe 2,46 0,52 1.98 0.62 
Herwood Bridge 8,22 0,02 4.57 0.22 
Kobongwaneni 3,98 0,29 2.82 0.46 
Magwenyane 2,22 0,57 3.83 0.31 
Makro 0,86 0,86 3.35 0.37 
Plessislaer 4,15 0,26 4.401 0.24 
Promed Road 1,22 0,78 2.52 0.51 
Shange Bridge 8,15 0,02 7.62 0.03 
Smero 6,33 0,08 2.14 0.59 
 
 Numerous activities possibly contribute to the contamination of river water. This include 
building Pit latrines close to the river (Figure 4.6), disposing raw sewage into the river (Figure 
4.7), domestic animals drinking water from the river. According to the South African water 
quality guidelines for recreational use (1996), minimum E. coli counts of 130 cfu/100mL 
indicate risk of gastrointestinal illness. The guidelines further says the “risks of health effects 
associated with contact recreational water use increase as E. coli levels increase”. Using the 
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guidelines Msuduzi River water pose a health risk for the population of the Msunduzi 
manucipality that use this water for recreational, traditional and religious purposes without 
any treatment. 
 
 
Figure 4.4 Average total coliform and E. coli counts for the whole study period.  
 
 
Figure 4.5 Seasonal occurrence of total coliform and E. coli counts from Msunduzi River. 
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  Figure 4.6 Pit latrine situated at Herwood bridge sampling point. 
 
 
Figure 4.7  A blocked sewage main draining into Msunduzi. 
 
All the E. coli positive Quanti-Tray samples were analysed for the presence of diarrheagenic 
E. coli using an 11 genes multiplex PCR as described by Omar and Barnard (2014). Genomic 
DNA was extracted from E. coli positive Quanti-Tray wells and used as a template in 
multiplex PCR assays targeting genes specific to entero-pathogenic (EPEC), entero-
haemorrhagic (EHEC), entero-invasive (EIEC), entero-toxigenic (ETEC) and entero-
aggregative E. coli (EAEC).  
 
All the genes for diarrhoegenic E. coli types were detected in various combinations as shown 
in Table 4.9. An internal control (gapdh gene) was detected in all the samples indicating no 
inhibition for the multiplex PCR. The most prevalent virulence genes were bfp (typical EPEC; 
60%), eaeA (Atypical EPEC and EHEC, 59%), eaeA (Eagg, 34%) and asta (E. coli 
enterotoxin, 34%). It is difficult to define the proportion of the eaeA gene for EPEC and 
EHEC because DNA analysed was extracted from Colilert® Quanti-Tray broth with mixed 
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culture not from single strain of E. coli isolates. The astA gene was found to be widely 
distributed in E. coli detected from all sample sites (Table 4.9). The prevalence of E. coli 
strains carrying the astA gene in fresh and estuarine water has also been reported previously 
(Masters et al. 2011) and could potentially be due to its reported presence in many commensal 
E. coli isolates (Ménard et al. 2002). 
 
Table 4.9 Diarrhoegenic E. coli PCR results obtained from Quanti-Tray analysis of samples 
collected from Msunduzi River.   
  
  EHEC   
HKG* EPEC 
  
ETEC Eagg EIEC  
Sample name n mdh bfp eaeA stx1 stx2 lt St eagg ial asta gapdh 
Emaswazini 10 10 7 5 1 0 0 0 3 1 3 10 
Magwenyane 10 10 9 7 2 1 1 0 2 0 3 10 
Kobongwaneni 10 10 9 8 0 1 1 2 2 2 2 10 
Shange Bridge 10 10 6 5 0 4 1 2 2 0 3 10 
Smero 10 10 6 5 0 1 1 2 4 1 2 10 
Herwood Bridge 10 10 6 8 1 2 2 1 6 2 4 10 
Plessislaer 10 10 4 6 0 1 2 1 4 1 5 10 
Makro 10 10 5 3 1 3 2 5 5 1 4 10 
Promed Road 10 10 4 7 0 2 1 2 3 1 2 10 
Grimthorpe 10 10 4 5 0 1 2 2 3 1 6 10 
*HKG, housekeeping gene 
 
Identification of diarrheagenic E. coli strains in surface water sources has previously been 
reported (Hamilton et al. 2010). Potential source of diarrheagenic E. coli could be from fresh 
human sewage input from sewage leakage and overflow, animal sources and mobilization of 
E. coli surviving in the soil and sediments (Sidhu et al. 2012). Omar and Barnard (2010) 
detected the presence of diarrheagenic E. coli from the final effluent of wastewater treatment 
plant. 
 
The presence of diarrhoegenic E. coli in the Msunduzi River water pose a health risk for the 
population that come in contact with the water. Exposure to recreational water has been linked 
to high numbers (21 out of 31) of reported E. coli O157:H7 disease outbreaks in the United 
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States from 1982 to 2002 (Rangel et al. 2005). Diarrheagenic E. coli are the principal cause of 
death globally especially in developing countries where about 1.6–2.5 million deaths occur 
yearly as a result of diarrhea (Shabana et al. 2013). 
 
4.3.3 Physico-chemical properties of Msunduzi River 
Seasonal comparison of temperature, pH, turbidity, salinity and conductivity observations 
were determined using ANOVA. The comparisons were determined per sample point for all 
Msunduzi River sample point. Table 4.10 show the results of the Kruskal-Wallis Test. 
temperature, pH, turbidity, salinity and conductivity observations per samples point are 
presented in appendix E. Seasonal comparison of measured values of pH were not 
significantly different (Pr > 0.05) for all sample points. River water pH ranged from 6.63 to 
8.27 during autumn; 6.85 to 8.20 during summer; 6.57 to 8.00 during winter and 7.06 to 8.77 
during spring. Seasonal temperature profile of Msunduzi River sampling points varied 
statistically significantly (Pr < 0.05) except for Promed Road sampling point. Temperature 
ranged from 8.80 to 21.00 ºC during autumn; 15.70 to 25.10 ºC during summer; 5.60 to 16.80 
ºC during winter and 16.20 to 26.80 ºC during spring. Salinity comparisons between seasons 
was statistically significantly different for Grimthorpe, Herwood Bridge, Promed Road, 
Shange Bridge and Smero sampling point (Pr < 0.05). Salinity ranged from 0.07 to 0.35 psu 
during autumn; 0.04 to 0.24 psu during summer; 0.05 to 0.22 psu during winter and 0.04 to 
0.22 psu during spring. Turbidity ranged from 0.34 to 23.70 psu during autumn; 5.17 to 162 
psu during summer; 0.74 to 86.50 psu during winter and 2.46 to 760 psu during spring. 
Turbidity measurements were statistically significantly different for Kobongwaneni, 
Mangwenyane, Promed Road, Shange Bridge and Smero sampling point (Pr < 0.05). 
Conductivity observations for Herwood Bridge, Promed Road, Shange Bridge and Smero 
were statistically significantly different when compared seasonally (Pr < 0.05). Conductivity 
ranged from 103 to 585 μs/cm during autumn; 60.00 to 378.00 μs/cm during summer; 79.00 
to 421.00 μs/cm during winter and 65.00 to 405.00 μs/cm during spring. 
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Table 4.10 Seasonal and annual variation in the concentrations of physico-chemical qualities. 
Sample  
Conductivity pH Turbidity Salinity Temperature 
Chi-Square Pr >= Chi-
Square 
Chi-Square Pr >= Chi-
Square 
Chi-Square Pr >= Chi-
Square 
Chi-
Square 
Pr >= Chi-
Square 
Chi-Square Pr >= Chi-
Square 
Emaswazini 6.43 0.08 5.11 0.17 1.77 0.66 5.82 0.11 9.98 0.00 
Grimthorpe 7.09 0.05 6.69 0.06 8.96 0.01 7.23 0.04 8.63 0.01 
Herwood Bridge 10.30 0.00 1.75 0.67 6.42 0.08 9.88 0.00 9.30 0.01 
Kobongwaneni 6.56 0.07 2.17 0.58 9.01 0.01 6.63 0.07 10.30 0.00 
Magwenyane 5.50 0.13 1.99 0.61 8.85 0.01 6.49 0.07 9.18 0.01 
Makro 4.48 0.23 3.44 0.36 6.55 0.07 4.44 0.23 7.40 0.04 
Plessislaer 5.77 0.12 2.36 0.54 6.44 0.08 6.71 0.06 9.11 0.01 
Promed Road 9.80 0.00 1.03 0.82 7.94 0.02 8.50 0.01 6.40 0.08 
Shange Bridge 7.26 0.04 4.23 0.25 7.59 0.03 7.70 0.03 9.30 0.01 
Smero 10.39 0.00 2.07 0.60 6.64 0.07 7.87 0.02 7.71 0.03 
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4.3.4 V cholerae abundance in Msunduzi River 
Seventeen phytoplankton species were identified from the 20 µm plankton net samples in the 
Msunduzi River (Table 4.11). Zooplankton species found from 63 µm plankton net samples 
consisted of Copepods, Diptera, Ephemerop, Hyacarina, Nematoda, Ostracoda and 
Rotatoria. Various species of invertebrates were detected and identified in all the sample 
point from the river monitored in this study. The macro invertebrate species identified 
included Baetidae, Hydropsychidae, Turbellaria, Coenagrionidae, Pleidae, Atyidae, 
Notonectidae, Chironomidae, Caenidae, Trichorythidae, Lymnaeidae, Leptophlebidae, 
Liptoceridae, Culicidae pupae, Naucoridae, Corixidae throughout the river. 
 
Amoeba was cultured from 28 of the 50 samples analysed for amoeba (Table 4.12). Of the 28 
amoeba positive samples, Acanthamoeba cysts were identified in 15 samples. The presence of 
Acanthamoeba presents a health risk to the population in contact with the river water. 
Acanthamoeba has previously being reported to cause encephalitis, and disseminated 
infection (Siddiqui et al. 2012; Visvesvara et al. 2007; Marciano-Cabral, 2003).  
 
Table 4.11 Phytoplankton species detected from Msunduzi River. 
Bacillariophyceae Chlorophyceae Cyanophyceae Dinophyceae 
Coscinodiscus Closterium Chroococcus Ceratium 
Melosira Pediastrum Oscillatoria Peridinium 
Synedra Scenedesmus   
Biddulphia    
Stephanodiscus    
Ditylum    
Cocconeis    
Cyclotella    
Cymbella    
 
 
Table 4.12 Amoeba and intracellular bacteria.  
Amoeba positive Acanthamoeba 
cyst positive 
Acanthamoeba 
Intracellular 
bacteria 
Amoeba 
Intracellular 
bacteria 
28/50 (56%) 15/50 (30%) 7/50 (14%) 2 /50 (4%) 
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Toxigenic V. cholerae O1 and/or O139 was not detected from all of the sample types. V. 
cholerae non-O1/O139 were detected from all sample types except from cow dung and 
amoeba. V. cholerae non-O1/O139 was detected throughout the year from 20 µm net, 63 µm 
net, macro invertebrates, sediments and water fraction (free-floating) samples (see Table 
4.13). The sample type with the most detection was the 63 µm net (70%) and free-floating had 
the least detection (60%). Statistical comparison of V. cholerae non-O1/O139 detection per 
sample point and per season was attempted. However due to the low number of observations 
the data did not fit on all the models.  
 
Results from this study show the presence of V. cholerae non-O1/O139 V. cholerae non-
O1/O139 in Msunduzi River all year round. Aulet at al. (2007) reported similar observations 
were V. cholerae non-O1/O139 was detected all year round in Tucumán rivers, Argentina. 
Vibrio cholerae non-O1/O139 was detected as free-floating or attached to plankton and 
sediments. V. cholerae non-O1/O139 attached to plankton and sediments could serve as 
reservoirs for the free-floating V. cholerae non-O1/O139.  
 
Literature indicates Vibrio cholerae to be associated with zooplankton species of 
Cladocerans, Rotifers and Copepods (Tamplin et al. 1990). Copepods detected in this study 
have been previously described as a dominant group of zooplankton community of aquatic 
organisms in both fresh and saltwater (Huq et al. 1996). Beside the extensive publication of V. 
cholerae attaching to Copepods, Filho et al. (2011) revealed that V. cholerae has the potential 
to attach to varied zooplankton taxa. It is therefore possible that V. cholerae could attach and 
proliferate in association with most zooplankton species identified from Msunduzi River. 
Vibrio cholerae attachment to zooplanktons offers benefits such as:  
• Metabolising chitin on the surface of zooplankton (Cottingham et al. 2003). 
• Zooplankton movement avoid exhaustion of nutrients in the surrounding water 
(Threlkeld et al. 1993) 
• Attachment of V. cholerae safeguards the bacteria from predators (Rawlings et al. 
2007).  
 
Previous studies reported greater numbers of sediment attached V. cholerae than free-floating 
V. cholerae (Lekshmy et al. 2014; Chandran et al. 2009; Michael et al. 2007; Nandini and 
Somashekar, 1999). A presence/absence detection method was used in this study therefore the 
difference in V. cholerae counts from the sediments and water column was not determined. 
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Sediments are likely to have higher concentrations of organic matter than the overlying water, 
hence the propagation of V. cholerae in sediments.  
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Table 4.13 Prevalence of V. cholerae non-01, non-O139 in different samples.  
Season Free-floating Sediments 20µM net 63 µM net Invertebrates Cow Amoeba 
Spring 
26/50 (52%) 15/30 (50%) 18/30 (63%) 19/30 (63%) 3/6 (50%) 0/5 (0%) 0/10 (0%) 
Summer 24/30 (80%) 23/30 (77%) 6/10 (60%) 5/10 (50%) 7/10 (70%) 0/3 (0%) 0/20 (0%) 
Autumn 20/30 (67%) 23/30 (77%) 23/30 (77%) 30/30 (100%) 5/7 (71%) 0/7 (0%) 0/20 (0%) 
Winter 14/30 (47%) 13/30 (43%) 19/30 (63%) 16/30 (53%) 2/5 (40%) 0/3 (0%) ND 
Total 84/140 (60%) 74/120 (62%) 66/100 (66%) 70/100 (70%) 17/28 (61%) 0/18 (0%) 0/50 (0%) 
ND, not determined.  
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There are studies that have reported the detection of V. cholerae from animal stools (Uddin et 
al. 2012; Keshav et al. 2010; Visser et al. 1999). Results of the current study indicated no 
relation between animal stools and V. cholerae. Intracellular presumptive V. cholerae was 
cultured from two amoeba and seven Acanthamoeba positive samples (Table 4.12). None of 
the amoeba intracellular bacteria were identified as V. cholerae.  
 
Amoeba has been described as a host for many pathogenic bacteria (Jeong et al. 2007; Alsam 
et al. 2006; Axelsson-Olsson et al. 2005; La Scola et al. 2001). There have been studies that 
stated that Acanthamoeba species improved growth and survival of V. cholerae O1 and O139 
in laboratory microcosm co-culture experiments (Sandstrom et al. 2010; Abd et al. 2009; Abd 
et al. 2007; Saeed et al. 2007). In the current study, V. cholerae was not isolated from the 
cultured Amoeba. Results of the current study indicated no relation between Amoeba and V. 
cholerae.   
 
4.3.5 Statistical analysis of V. cholerae non-O1/non-O139 occurrence  
Stepwise multiple linear regression was applied to predict the occurrence of Vibrio cholerae 
non-O1/non-O139 from free-floating bacteria [Water fraction], sediments, 20 µm plankton net 
and 63 µm plankton net samples per season. Turbidity, conductivity, temperature, pH, 
salinity, total coliform and E. coli were the predictor variables. Table 4.14 to Table 4.17 show 
the summarized statistical models with logistical regression for free-floating bacteria (Water 
fraction), sediments, 20 µm plankton net and 63 µm plankton net samples. Appendix F shows 
the full logistical regression analysis results for free-floating bacteria (Water fraction), 
sediments, 20 µm plankton net and 63 µm plankton net samples. 
 
Turbidity was found to be a statistical significant predictor (Pr < 0.05) of V. cholerae non-
O1/non-O139 occurrence for all samples types (Free-floating bacteria, sediments, 20 µm 
plankton net and 63 µm plankton net). Conductivity and temperature were statistically 
significant (Pr < 0.05) to predict the occurrence of attached Vibrio cholerae non-O1/non-
O139 (sediments, 20 µm plankton net and 63 µm plankton net). The results shown in Table 
4.8 to 4.11 show pH to be statistically significant (Pr < 0.05) in predicting the occurrence of 
V. cholerae non-O1/non-O139 from planktons (20 µm plankton net and 63 µm plankton net). 
Total coliform was statically significant (Pr < 0.05) to predict the occurrence of Vibrio 
cholerae non-O1/non-O139 from 63 µm net plankton net and free-floating bacteria and E. coli 
was statically significant (Pr < 0.05) with sediments and free-floating bacterial samples.
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Table 4.14 Logistical regression (63 µm n et samples). 
Model Season model 
convergence 
status 
Step Effect DF Number Score Wald Pr > Chi-
Square 
Entered Removed In Chi-Square Chi-Square 
1 Spring Satisfied 1 Turbidity   1 1 10,0393   0,00 
Satisfied 2 Conductivity  1 2 4,734  0,03 
Satisfied 5 pH  1 5 0,461  0,50 
2 Summer Satisfied 1 Temperature  1 1 10,4996  0,00 
Satisfied 2 Conductivity  1 2 5,177  0,02 
Not satisfied 5 Turbidity   1 5 3,7916  0,05 
3 Autumn Satisfied 1 Temperature  1 1 13,1141  0,00 
Not satisfied 3 Turbidity  1 3 7,6871  0,01 
4 Winter Satisfied 1 Temperature   1 1 12,6823  0,00 
Satisfied 5 Total coliforms   1 5 0,4616   0,50 
 
 
Table 4.15 Logistical regression (20 µm net samples) 
Model Season model 
convergence 
status 
Step Effect DF Number Score Wald Pr > Chi-
Square 
Entered Removed In Chi-Square Chi-Square 
1 Spring Satisfied 1 Turbidity    1 1 10,3703   0,00 
Satisfied 2 Conductivity   1 2 9,6811  0,00 
2 Summer Satisfied 1 Temperature  1 1 9,8111  0,00 
Satisfied 2 Conductivity  1 2 5,6201  0,02 
3 Autumn Satisfied 1 Temperature (°C) 1 1 9,0598  0,00 
Satisfied 2 pH   1 2 4,9102   0,03 
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Table 4.16 Logistical regression (Sediments samples). 
Model Season model 
convergence 
status 
Step Effect DF Number Score Wald Pr > Chi-
Square 
Entered Removed In Chi-Square Chi-Square 
1 Spring Satisfied 1 Turbidity  1 1 9,9898   0,00 
Satisfied 2 Conductivity 1 2 7,9409  0,00 
2 Summer Satisfied 1 Turbidity  1 1 5,7764  0,02 
Satisfied 2 E. coli  1 2 5,2989  0,02 
3 Autumn Not satisfied 4 E. coli  1 4 5,0862  0,02 
4 Winter Satisfied 1 Conductivity 1 1 5,0393   0,02 
 
 
 
Table 4.17 Logistical regression (Free-floating V. cholerae samples). 
Model Season model 
convergence 
status 
Step Effect DF Number Score Wald Pr > Chi-
Square 
Entered Removed In Chi-Square Chi-Square 
1 Spring Satisfied 1 Salinity    1 1 17,3136   <.0001 
Satisfied 2 Turbidity  1 2 6,6351  0,01 
2 Summer Satisfied 1 Turbidity  1 1 5,7764 
 
0,02 
Satisfied 2 E. coli  1 2 5,2989 
 
0,02 
3 Winter Satisfied 1 Temperature 1  
12,611 
 
0,00 
Satisfied 2 Total coliforms 1   4,1428   0,04 
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Salinity was shown to be statically significant (Pr < 0.05) predictor of Vibrio cholerae non-
O1/non-O139 for free-floating bacteria.  
 
Turbidity, conductivity and temperature were statistically significant (Pr < 0.05) predictors of V. 
cholerae non-O1/non-O139 occurrence from the different samples in three seasons. For turbidity, 
the seasons are spring, summer and autumn. Conductivity was statistically significant (Pr < 0.05) 
for occurrence of attached V. cholerae non-O1/non-O139 in spring, summer and winter. 
Temperature was also statistically significant (Pr < 0.05) in predicting attached V. cholerae non-
O1/non-O139 occurrence however in summer, autumn and winter. Escherichia coli and pH were 
found to be statistically significant (Pr < 0.05) for prediction of V. cholerae non-O1/non-O139 in 
two seasons each. For E. coli it was autumn and summer; pH was spring and autumn.  Salinity 
and total coliform could statistically significantly predict V. cholerae non-O1/non-O139 
occurrence from the samples in one season each (Pr < 0.05). Salinity was in spring and total 
coliform was in winter.     
 
The main factors influencing the occurrence and distribution of Vibrio in aquatic environments 
are temperature, salinity, nutrient availability and the association with aquatic organisms 
(Igbinosa and Okoh 2008). The relationship between Vibrios prevalence and salinity may be 
variable and complex, since some studies identified inversely correlated, while others did not 
(Garrido-Maestu et al. 2016; Johnson et al. 2012; Tao et al., 2012). In the current study, salinity 
was a good predictor of V. cholerae non-O1/non-O139 occurrence with the water fraction (free-
floating) samples with one season (spring). Singleton et al. (1982) studied the combined effects 
of nutrients and salinity on V. cholerae growth and showed that when the nutrient concentration 
was elevated, the V. cholerae concentration increased and the range of salinity tolerated was 
larger. Thus, an increase in the riverine influx, laden with nutrients, may favour the growth of V. 
cholerae by increasing the growth potential and by making the bacterium able to thrive over a 
wider salinity range (Louis et al. 2003). 
 
Results of the current study indicate temperature and conductivity to be strong predictors of V. 
cholerae non-O1/non-O139 attached to plankton and sediments. Studying the influence of water 
temperature, salinity, and pH on survival and growth of toxigenic V. cholerae O1 associated with 
live copepods, Huq et al. (1984) concluded that water temperature influences significantly the 
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attachment of V. cholerae cells to, and multiplication on, copepods. From the same study, growth 
and survival of V. cholerae cells with live copepods were similar at all salinities (5, 10 and 15 
parts per thousand). Yan et al. (2019) study reported temperature to have a positive correlation 
with Vibrio occurrence rate, while either salinity or pH had no correlation with Vibrio occurrence 
rate from freshwater fish, water and sediment. Results of this study indicate pH to be a good 
predictor of plankton attached V. cholerae. 
 
In this study, turbidity was shown to be a good predictor of V. cholerae non-O1/non-O139 from 
all sample types tested. Johnson et al. (2010) reported similar observation where turbidity was 
suggested to be more influential than temperature or other environmental factors for predicting 
the abundance of pathogenic V. parahaemolyticus from sediments, water and oysters. Sediment 
resuspension is an important contributor to turbidity in the water column. Therefore, resuspension 
of sediment during storm and wind events or by any activities that disturb the bottom sediment 
are potentially redistributing bacterial reservoirs into the water column. Additionally, 
sedimentation of water column particulates, including organic matter, such as diatoms, 
dinoflagellates, fungi, and zooplankton, provides additional attachment surfaces and nutrient 
resources in the sediment matrix (Huq et al. 1983; Colwell et al. 2003). 
 
While temperature is reported to be the most important factor influencing the level of total V. 
cholerae, results from this study suggest that turbidity may be more influential than temperature 
or other environmental factors for predicting the occurrence V. cholerae. The results endorse the 
idea that V. cholerae non-O1 and non-O139 are well adopted to survive in surface water. A 
number of biotic and abiotic factors (sediments and planktons) are significant elements in V. 
cholerae ecology in surface waters (Constantin de Magny et al. 2008; Huq et al. 2005).  Although 
epidemic outbreaks of V. cholerae non-O1 and non-O139 have not been reported, there are 
reports of diarrheal diseases caused by the non-O1 and non-O139 serogroups (Schirmeister et al. 
2014; Trubiano et al. 2014). To protect public health, especially in rural areas, it is highly 
recommended that total V. cholerae be regularly monitored irrespective of serotype. 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATIONS 
 
5.1 CONCLUSION 
The current study main aim was to optimise and apply V. cholerae detection methods to 
investigate the occurrence and distribution of total and toxigenic V. cholerae in environmental 
samples from Msunduzi River.   
 
Method optimisation was initiated by evaluating eight DNA extraction methods. The study used 
conventional PCR and real-time PCR technology, together with cost and time considerations, to 
evaluate bacterial DNA extraction methods. Except for Genomic DNA purification, the results 
(see chapter 2) illustrated that all DNA extraction methods were successful in extracting 
sufficient quantities and quality DNA to run a successful conventional and real-time PCR. 
Therefore, all eight DNA extraction methods were applicable from a routine functional 
perspective. The rapid boiling and the in-house DNA extraction methods were less expensive 
than the other methods and could be considered in cost limited situations. However, in certain 
cases where maximum yield is required from a sample or in cases where low quantity of DNA is 
available, it may be necessary to employ the Nucleospin® Tissue DNA extraction method. 
Because of the cost and the effectiveness of the rapid boiling method as well as the in-house 
DNA extraction method, Msunduzi River environmental samples were analysed using rapid 
boiling method and the in-house DNA extraction method. 
 
The Huang et al. (2009) V. cholerae real-time multiplex PCR was adopted and optimised. The 
optimisation was to incorporate a positive process control to monitor for PCR inhibition. 
Escherichia coli carrying a single genomic copy of the green fluorescent protein (gfp) gene from 
the jelly-fish Aequore victoria was used as a positive process control. The positive process 
control demonstrated no inhibition of the V. cholerae real-time PCR assays for all the APW 
enriched environmental samples analysed. The positive process control described in this study 
provides an easy and reliable method for measuring PCR inhibition. The concentration of the 
internal process control was at a low level that did not compete with the V. cholerae target genes 
and yet sufficient to afford constant positive amplification in the absence of PCR inhibitors. The 
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amalgamation of a positive process control with the two V. cholerae real-time is important for 
quality control and quality assurance of the results obtained with the two assays.   
 
The two multiplex real-time PCR assays described in this study were found to be specific for 
detection of toxigenic and non-toxigenic V. cholerae strains. The sensitivity obtained by the two 
assays was 20 CFU per reaction for all four V. cholerae target genes (hlyA, ctxA, O1-rfb, O139-
rfb). This sensitivity was obtained with the individual PCR assays and in a multiplex. The use of 
TaqMan probes offers improved speed and precision with the PCR methods. The increased speed 
and precision is because of the elimination of the gel electrophoresis step with the use of TaqMan 
probes. Furthermore, the use of TaqMan probes reduces the prospect of cross contamination of 
PCR amplicons. Incorporation of an APW enrichment step before PCR increased the number of 
possible V. cholerae cells in a sample and ensured the detection of viable cells. The use of an 
APW enrichment step together with real-time PCR enhanced the detection of V. cholerae in 
environmental samples.  
 
The abiotic (sediments, river water and animal stools) and biotic (zooplankton, phytoplankton 
and amoeba) components of the samples were assessed for the presence of V. cholerae. 
Furthermore, physico-chemical properties of water (temperature, pH, salinity, turbidity and 
conductivity) as well enteric bacterial indicators were measured.  
 
Microbial water quality data presented in this study (see chapter 4) for Msunduzi River showed 
that the river water is contaminated with faecal pollution indicated by the presence of enteric 
bacterial indicators (total coliform and E. coli). Faecal pollution presents a health hazard to the 
population as it introduces possible microbial pathogens into the river water. Furthermore, the 
presence of diarrhoeagenic E. coli increases the risk of a health hazard to the people that come 
into contact with Msunduzi River water.  
 
Non-toxigenic V. cholerae non-O1/O139 was found to be present in Msunduzi River. The 
bacterium is found to be present throughout the year in Msunduzi River water. Vibrio cholerae 
non-O1/O139 presence in river water is possibly due to its ability to attach to sediments and 
planktons from the river. Non-toxigenic Vibrio cholerae occurrence in river water was found to 
correlate with temperature, pH, salinity, turbidity, conductivity, total coliform and E. coli counts. 
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Turbidity may be more influential than other environmental factors for predicting the occurrence 
of V. cholerae non-O1/O139. Incorporation of the current data on the relationship between 
turbidity and total or pathogenic V. cholerae into risk assessment models would improve their 
accuracy. The ability to measure turbidity, temperature, and other relevant environmental factors 
on a global scale using remote sensing technology will also greatly enhance the power of this 
approach. 
 
In this study, V. cholerae non-O1/non-O139 lacking genes coding for production of cholera toxin 
were shown to be present in Msunduzi River. The river provide favourable conditions for 
exposure to V. cholerae non-O1/non-O139 raising the question of their role in gastroenteritis in 
the population in contact with the river. Epidemiological studies on such diarrheal diseases 
should be undertaken.  
 
5.2 RECOMMENDATIONS FOR FUTURE STUDIES 
 It will be significant if future studies could detect and characterise V. cholerae 
bacteriophage from Msunduzi River. Published literatures have indicated that V. cholerae 
can take-up and express genes from the bacteriophages. 
 The current study identified V. cholerae from zooplankton and phytoplankton. Future 
studies should investigate whether V. cholerae attaches to specific species or generally 
attaches to all zooplankton and phytoplankton species detected and identified in this 
study.  
 It is now known that under unfavorable conditions V. cholerae will enter into viable but 
non-culturable state. The bacteria still maintains its virulence in the viable but non-
culturable state. Future studies are therefore encouraged to investigate total and toxigenic 
V. cholerae in the viable but non-culturable state both as free living and attached to 
surfaces.  
 Cholera toxin negative V. cholerae non-O1/non-O139 are reported to have other virulence 
factors such as the zonula occludens toxin, assessory cholera enterotoxin and hemolysin, 
which afford the bacteria the ability to cause infections. It is therefore recommended that 
V. cholerae isolated from Msunduzi River be assessed for the presence of other virulence 
factors beside the cholera toxin. Monitoring of the genes encoding the toxin-co-regulated 
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pilus is highly recommended. The CTXᵩ phage has been demonstrated to be transferable 
between V. cholerae strains, with TCP acting as the phage receptor.  
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APPENDIX 
 
APPENDIX A: PCR RESULTS FOR DNA EXTRACTION COMPARISONS 
 
GENUS SPECIFIC M-PCR GEL ELECTROPHORISIS PICTURES 
  
Lane M, 100bp Marker; Lane 1, No-Template control; Lane 2, DNA extraction negative 
control; Lane 3, Positive template control; Lane 4, EHEC (method 1); Lane 5, EHEC 
(method 1); Lane 6, V.cholerae (method 1); Lane 7, V. cholerae (method 1); Lane 8, S.typhi 
(method 1); Lane 9, S.typhi (method 1); Lane 10, S. dysenteriae (method 1); Lane 11, S. 
dysenteriae (method 1); Lane 12, EHEC (method 2); Lane 13, EHEC (method 2); Lane 14, V. 
cholerae (method 2); Lane 15, V.cholerae (method 2); Lane 16, S.typhi (method 2); Lane 17, 
S. typhi (method 2); Lane 18, S. dysenteriae (method 2); Lane 19, S. dysenteriae (method 2). 
 
  
 
Figure A2: Lane M, 100bp Marker; Lane 1, No-Template control; Lane 2, DNA extraction 
negative control; Lane 3, Positive template control; Lane 4, EHEC (Method 3); Lane 5, 
EHEC (Method 4); Lane 6, EHEC (Method 5); Lane 7, EHEC (Method 6); Lane 8, EHEC 
(Method 7), Lane 9, EHEC (Method 8); Lane 10, V. cholerae (Method 3); Lane 11, V. 
cholerae (Method 4); Lane 12, V. cholerae (Method 5); Lane 13, V. cholerae (Method 6); 
Lane 14, V. cholerae (Method 7); Lane 15, V. cholerae (Method 8); Lane 16, S. typhi 
(Method 3); Lane 17, S. typhi (Method 4); Lane 18, S. typhi (Method 5). 
M 1    2    3     4    5   6    7    8    9   10  11        M   12   13  14   15  16   17   18  19    
  M  1   2    3    4   5    6   7    8   9   10  11          M       12      13      14      15      16      
17      18     
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Figure A3: Lane M, 100bp Marker; Lane 1, S. typhi (Method 6); Lane 2, S. typhi (Method 7); 
Lane 3, S. typhi (Method 8); Lane 4, S. dysenteriae (Method 3); Lane 5,  S. dysenteriae 
(Method 4); Lane 6, S. dysenteriae (Method 5), Lane 7, S. dysenteriae (Method 6); Lane 8, S. 
dysenteriae (Method 7); Lane 9. S. dysenteriae (Method 8), Lane 10, Negative control; 
Lane11, Vibrio cholerae sodB gene (248 bp), Lane 12, Salmonella IpaB gene (314bp); Lane 
13, E. coli mdh gene (400bp); Lane 14, Entero-invasive E. coli and Shigella Ial gene (630); 
Lane 15 Entero-invasive E. coli and Shigella IpaH gene (606); Lane 16, genus specific 
multiplex positive control. 
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APPENDIX B: AMPLIFICATION CURVES FOR SPECIFICITY TESTING 
 
V. cholerae species (hlyA) 
Cycle
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Cholera toxin (ctxA) 
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E. coli green fluorescent protein (gfp) 
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hlyA gene positive 
amplification. 
No amplification.  
gfp gene positive amplification. 
No inhibition, Ct less than 32. 
ctxA gene positive 
amplification. 
No amplification.  
No amplification. DNA extraction 
blank and no template control.  
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V. cholerae O1 (O1-rfb) 
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V. cholerae O139 (O139-rfb) 
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E. coli green fluorescent protein (gfp) 
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O1-rfb gene positive 
amplification. 
No amplification.  
No amplification.  
O139-rfb gene 
positive. 
amplification. 
gfp gene positive amplification. 
No inhibition, Ct less than 32. 
No amplification. DNA extraction 
blank and no template control. 
APPENDIX 
 
137 
 
APPENDIX C: AMPLIFICATION CURVES FOR SENSITIVITY TESTING 
 
ctxA assay sensitivity 
 
 
 
 
 
 
 
 
 
 
 
hlyA assay sensitivity 
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01-rfb assay sensitivity  
 
 
 
 
 
 
 
 
 
 
 
 
0139-rfb assay sensitivity 
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gfp assay 
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APPENDIX D: TOTAL COLIFORM AND E. COLI COUNTS PER SAMPLING 
POINT 
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APPENDIX E: PHYSIOCHEMCAL PROPERTIES OF MSUNDUZI RIVER 
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APPENDIX F: LOGISTIC REGRESSION ANALYSIS RESULTS 
 
 
Table F1 Statistical model with logistical regression (63 µm net samples). 
 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 1 13,1141 0,00 Temperature
Satisfied 2 Conductivity 1 2 3,1918 0,07 Conductivity
Not satisfied 3 Turbidity 1 3 7,6871 0,01 Turbidity 
Not satisfied 4 Total coliforms 1 4 0,7415 0,39 Total coliforms
Not satisfied 5 Total coliforms 1 3 0,2649 0,61 Total coliforms
Autumn
Summary of Stepwise Selection Autumn 63uM
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable labelSeason
 
 
Chi-Square DF Pr > ChiSq
0,2884 4 0,9905
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity 1 1 10,0393 0,00 Turbidity 
Satisfied 2 Conductivity 1 2 4,734 0,03 Conductivity 
Satisfied 3 E. coli 1 3 1,0093 0,32 E. coli
Satisfied 4 Salinity 1 4 0,6958 0,40 Salinity
Satisfied 5 pH 1 5 0,461 0,50 pH
Satisfied 6 pH 1 4 0,3867 0,53 pH
Spring
Summary of Stepwise Selection Spring 63uM
model 
convergence 
status
Step
Effect
DF Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Not geneted Occurrence=non-occurrence
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 1 10,4996 0,00 Temperature 
Satisfied 2 Conductivity 1 2 5,177 0,02 Conductivity 
Satisfied 3 Salinity 1 3 1,5617 0,21 Salinity 
Satisfied 4 pH 1 4 1,0962 0,30 pH
Not satisfied 5 Turbidity 1 5 3,7916 0,05 Turbidity 
Not satisfied 6 E. coli 1 6 0,5959 0,44 E. coli
Summer
Summary of Stepwise Selection summer 63uM
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Hosmer and Lemeshow Goodness-of-Fit
Not geneted Occurrence=non-occurrence
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model 
convergence 
status
Step Effect DF Number Score Wald Pr > Chi-Square Variable label
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 1 12,6823 0,00 Temperature 
Satisfied 2 E. coli 1 2 1,8772 0,17 E. coli 
Satisfied 3 Turbidity 1 3 2,0085 0,16 Turbidity 
Satisfied 4 pH 1 4 1,2523 0,26 pH
Satisfied 5 Total coliforms 1 5 0,4616 0,50 Total coliforms
Satisfied 6 E. coli 1 4 0,2833 0,59 E. coli 
Winter
Summary of Stepwise Selection Winter 63uM
 
 
Chi-Square DF Pr > ChiSq
9,7884 8 0,2802
Hosmer and Lemeshow Goodness-of-Fit
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Table F2 Statistical model with logistical regression (20 µm net samples). 
 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 1 9,0598 0,00 Temperature 
Satisfied 2 pH 1 2 4,9102 0,03 pH
Autumn
Summary of Stepwise Selection Autumn 20uM
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Hosmer and Lemeshow Goodness-of-Fit
Not geneted Occurrence=non-occurrence
 
 
 
 
 
 
 
 
APPENDIX 
 
151 
 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity 1 1 10,3703 0,00 Turbidity 
Satisfied 2 Conductivity 1 2 9,6811 0,00 Conductivity
Satisfied 3 Salinity 1 3 1,2653 0,26 Salinity 
Satisfied 4 Total coliforms 1 4 0,8318 0,36 Total coliforms 
Satisfied 5 pH 1 5 0,7491 0,39 pH
Spring
Summary of Stepwise Selection Spring 20uM
model 
convergence 
status
Step
Effect
DF Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Hosmer and Lemeshow Goodness-of-Fit
Not geneted Occurrence=non-occurrence
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 1 9,8111 0,00 Temperature 
Satisfied 2 Conductivity 1 2 5,6201 0,02 Conductivity 
Satisfied 3 pH 1 3 1,5179 0,22 pH
Satisfied 4 Turbidity 1 4 4,6358 0,03 Turbidity 
Satisfied 5 Conductivity 1 3 0,4186 0,52 Conductivity 
Summer
Summary of Stepwise Selection Summer 20uM
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Hosmer and Lemeshow Goodness-of-Fit
Not geneted Occurrence=non-occurrence
 
 
 
 
 
 
 
 
 
APPENDIX 
 
153 
 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 E. coli 1 1 3,0568 0,08 E. coli 
Satisfied 2 pH 1 2 3,3656 0,07 pH
Satisfied 3 Total coliforms 1 3 0,5078 0,48 Total coliforms
Summary of Stepwise Selection Winter 20uM
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
6,9309 8 0,5441
Hosmer and Lemeshow Goodness-of-Fit
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Table F3 Statistical model with logistical regression (Sediments samples). 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Salinity (psu) 1 1 1,7315 0,19 Salinity (psu)
Satisfied 2 Turbidity (NTU) 1 2 0,9897 0,32 Turbidity (NTU)
Satisfied 3 Conductivity (µS/cm) 1 3 3,3612 0,07 Conductivity (µS/cm)
Not satisfied 4 E. coli  (MPN/100ml) 1 4 5,0862 0,02 E. coli  (MPN/100ml)
Summary of Stepwise Selection Autumn sediments
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
0,2486 5 0,9985
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity (NTU) 1 1 9,9898 0,00 Turbidity (NTU)
Satisfied 2 Conductivity (µS/cm) 1 2 7,9409 0,00 Conductivity (µS/cm)
Satisfied 3 Total coliforms(MPN/100ml) 1 3 1,1347 0,29 Total coliforms(MPN/100ml)
Satisfied 4 Temperature (°C) 1 4 0,7205 0,40 Temperature (°C)
Summary of Stepwise Selection Spring sediments
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
Hosmer and Lemeshow Goodness-of-Fit
Not geneted Occurrence=non-occurrence
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity 1 1 5,7764 0,02 Turbidity
Satisfied 2 E. coli 1 2 5,2989 0,02 E. coli 
Satisfied 3 Total coliforms 1 3 2,2991 0,13 Total coliforms
Summary of Stepwise Selection Summer sediments
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
4,8901 8 0,7693
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Conductivity 1 1 5,0393 0,02 Conductivity 
Satisfied 2 E. coli 1 2 1,5155 0,22 E. coli
Satisfied 3 Salinity 1 3 1,8443 0,17 Salinity 
Satisfied 4 pH 1 4 2,2746 0,13 pH
Satisfied 5 Turbidity 1 5 3,4052 0,07 Turbidity
Satisfied 6 Total coliforms 1 6 0,7715 0,38 Total coliforms
Satisfied 7 Temperature 1 7 0,5277 0,47 Temperature 
Summary of Stepwise Selection Winter sediments
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
4,8901 8 0,7693
Hosmer and Lemeshow Goodness-of-Fit
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Table F4 Statistical model with logistical regression (Free-floating samples). 
Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity 1 1 1,4707 0,23 Turbidity
Satisfied 2 E. coli 1 2 1,4561 0,23 E. coli 
Satisfied 3 Salinity 1 3 2,1433 0,14 Salinity
Satisfied 4 Turbidity 1 2 0,0123 0,91 Turbidity 
Satisfied 5 pH 1 3 1,1492 0,28 pH
Satisfied 6 Temperature 1 4 1,1789 0,28 Temperature 
Satisfied 7 Total coliforms 1 5 1,0099 0,31 Total coliforms
Satisfied 8 Turbidity 1 6 1,392 0,24 Turbidity 
Satisfied 9 Salinity 1 5 0,2839 0,59 Salinity 
Effect
Step DF
model 
convergence 
status
Summary of Stepwise Selection Autumn free-floating
Pr > Chi-Square Variable label
Autumn
 
 
Chi-Square DF Pr > ChiSq
4,066 8 0,8511
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Salinity 1 1 17,3136 <.0001 Salinity 
Satisfied 2 Turbidity 1 2 6,6351 0,01 Turbidity 
Satisfied 3 Temperature 1 3 1,6887 0,19 Temperature 
Summary of Stepwise Selection Spring free-floating
Variable label
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square
Spring
 
 
Chi-Square DF Pr > ChiSq
7,8752 8 0,4458
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Turbidity 1 1 5,7764 0,02 Turbidity 
Satisfied 2 E. coli 1 2 5,2989 0,02 E. coli
Satisfied 3 Total coliforms 1 3 2,2991 0,13 Total coliforms
Summer
Summary of Stepwise Selection Summer free-floating
model 
convergence 
status
Step
Effect
DF Pr > Chi-Square Variable label
 
 
Chi-Square DF Pr > ChiSq
4,8901 8 0,7693
Hosmer and Lemeshow Goodness-of-Fit
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Number Score Wald
Entered Removed In Chi-Square Chi-Square
Satisfied 1 Temperature 1 12,611 0,00 Temperature
Satisfied 2 Total coliforms 1 4,1428 0,04 Total coliforms
Satisfied 3 pH 1 1,9604 0,16 pH
Satisfied 4 E. coli 1 0,7833 0,38 E. coli 
Winter
DF Pr > Chi-Square
Summary of Stepwise Selection Winter free-floating
Variable label
model 
convergence 
status
Step
Effect
 
 
Chi-Square DF Pr > ChiSq
3,1312 8 0,9259
Hosmer and Lemeshow Goodness-of-Fit
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